15

Chapter 2. Cation-m analysis using fluorinated Trp derivatives

2.1 Introduction

From the perspective of the participating molecules, the lock-and-key analogy for the
binding of a neurotransmitter to its receptor is a rather optimistic description. In fact, the
small molecule is tumbling, colliding with solvent molecules, spastically sampling
different conformations as it diffuses through the medium. Upon entering the
electrostatic field of its receptor, it's violently jerked this way and that by the protein's
charged residues and hydrophobic cavities. Likewise, the multi-subunit receptor
undergoes massive breathing motions on the timescale of the neurotransmitter's approach.
Obtaining atomic-scale information about a binding event in the midst of this chaos is not
easy. Everything depends on having a probe in the right place at the right time.

Classically, probe introduction has been accomplished in two rather different ways.
Affinity labeling places the probe on the ligand and allows the receptor to position it
accordingly. Any modification to the ligand which still allows binding may be
introduced, including reactive groups for photoaffinity labeling, for example. The second
means of obtaining structural information about ligand binding has been site-directed
mutagenesis. The desirable aspect of this technique is the ability to precisely target
single residues with discrete spatial locations. However, only the chemistry available to
the natural amino acids may be utilized, such as disulfide formation using cysteine
residues. As mentioned in the previous chapter, the extension of site-directed
mutagenesis to accommodate synthetic amino acids has led to entirely new kinds of

structural probes. For instance, a series of fluorinated tryptophan analogs has been used
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in this laboratory as a sensitive probe of the role of side chain electrostatics in ligand
binding.'

Ligand binding is a central event in almost every aspect of biology, and molecular
neuroscience is no exception. The binding of small molecule neurotransmitters to
membrane-bound receptors is the process which drives synaptic transmission. The
advent of widespread cloning efforts in the past two decades or so has revealed the
primary sequence of a large number of neurotransmitter receptors. Among the first of
these was the nicotinic acetylcholine receptor (nAChR).> Attempts to understand the
principles of molecular recognition by which the nAChR binds its agonist initially
centered on attempting to reconcile the known amino acid sequence of the receptor with a
variety of biochemical, electrophysiological, and pharmacological experiments, the
conclusions of which have been extensively reviewed.” Muscle preparations and the
electroplax organs of electric rays, which contain exceptionally dense clusters of nicotinic
receptors, were used to conduct these experiments before advances in molecular biology
made heterologous expression of the nAChR routine. Physiological experiments
revealed that the nAChR is a cation channel which opens in response to acetylcholine, as
well as nicotine. Furthermore, the apparent cooperativity of opening implied the
presence of at least two agonist binding sites. Biochemical experiments involving
photoaffinity labeling had identified a number of aromatic residues, both tyrosine and
tryptophan, in the binding site. The observation that nAChR agonists are uniformly
cationic had led to the expectation that anionic residues in the binding site would provide

the necessary electrostatic attraction to draw neurotransmitters into the binding site.
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However, it was also appreciated, particularly in this laboratory, that the aromatic
residues identified by labeling studies could stabilize agonist binding through cation-7t
interactions.'” Based on studies of molecular recognition of cationic substrates by
synthetic hosts in water, the role of aromatic residues in binding acetylcholine was
proposed in 1990." In the absence of structural data on the nAChR, this proposal
remained an attractive hypothesis until 1998, when the interaction was demonstrated
directly.' In this set of experiments, the series of fluorinated Trp analogs alluded to above
was introduced into the nAChR binding site by unnatural amino acid mutagenesis in
Xenopus oocytes. At a single position in the binding site, a strict dependence on the
negative electrostatic potential on the surface of the aromatic side chain was observed.'
This dependence pointed to the role of Trp149 in ACh binding, via a cation-7 interaction.

This assessment was subsequently confirmed in 2001 by the crystallization of a
soluble acetylcholine-binding protein from the snail Lymnaea helicalis."> This
crystallography represents a watershed event in structural analysis of ligand-gated ion
channels, because the ACh binding protein (AChBP) is highly homologous to the
extracellular portion of the nAChR. It is widely believed that structural insights gained
from the AChBP crystal structure will be transferable to the extracellular domain of the
receptor itself. One small detail of the crystal structure was quite gratifying to this
laboratory. Cationic HEPES molecules from the crystallization buffer were reported to
be bound to the face of the tryptophan homologous to the muscle Trp149 identified by
Zhong et al. in 1998."

Some of the structural detail revealed by the crystal structure is shown in Figure 2.1.

Much of the gross structure had been previously gleaned from the physiological and



18
biochemical experiments mentioned above, along with primary sequence analysis and
electron tomography.” The receptor is a pentamer, composed of five subunits around a

central pore, which contains the ion channel region.

membrane

Figure 2.1 Views of the nAChR based on X-ray crystallography of the highly homologous snail
acetylcholine binding protein.'”” Top left: Receptor electron density from electron
cryomicroscopy,” superimposed over a ribbon diagram of AChBP, which corresponds to the
extracellular domain of the receptor. Approximate location of bound agonist is indicated by the
red sphere. Top right: Detailed view of the binding site, showing the arrangement of aromatic
residues around the quaternary ammonium of the agonist. Bottom: Side and top views of the
receptor with binding site residues in the subunit highlighted in red rendered as stick diagrams.

The muscle receptor is made up of four different subunits, denoted o, 3, vy, and €. The
fetal form of the receptor, however, contains o, 3, ¥, and § subunits, and it is this murine
embryonic receptor used in the experiments below. In addition to the muscle-type

receptor, found at neuromuscular junctions, there are neuronal forms of the receptor.””®
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Here, the subunit nomenclature differs somewhat. One class of subunits, which are
identified by the presence of a vicinal Cys disulfide loop, is known as a.. The muscle a is
al, and a2-9 are the neuronal isoforms. All other nicotinic subunits in the CNS are
referred to as {3, of which there are four known. Again, B1 is the muscle subunit and (32-4
are neuronal subunits.

The pore region of the nAChR is made up primarily of the second transmembrane
region, known as M2. The conformational changes accompanying agonist binding are
communicated to this transmembrane region, thus opening the channel. Previous work in
this and other laboratories has identified mutations in the central region of this domain
which confer greater sensitivity to agonists."”'® One of these mutations, Leu258Ser (also
called L9’S, using commonly accepted nAChR nomenclature), will be utilized in the
work below.

The binding domain, for which the structural information obtained from the AChBP
applies, is the focus of the work presented below. The same series of fluorinated
tryptophan analogs that was used to identify Trp149 as the cation-rt binding site of ACh
was employed to study the binding of a variety of agonists, revealing varying degrees of
interaction with aromatic residues in the binding site. The behavior of nicotine was
extensively characterized, along with a number of related nAChR agonist analogs. In
addition, the technique was extended to a related serotonin receptor, the neuronal 5-
HT,R.*" Unlike crystallography, this combination of unnatural amino acid mutagenesis
and pharmacology is able to give information from only a single residue, so it lacks the

scale of a crystal structure. However, it has the advantage over a crystal structure in that
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it reports on the structure and function of residues in fully functioning ion channels in the

plasma membrane of living cells.

2.2 Results

2.2.1 Nicotine dose-response to F -Trp at o149

The response of nAChR to nicotine was measured by two-electrode voltage clamp of
oocytes expressing murine embryonic muscle nAChR. These receptors contained a pore
mutation in the beta or gamma subunits, in order to reduce the EC, and avoid channel
block at higher agonist concentrations. Each L9'S mutation lowers EC,, by
approximately a factor of ten relative to wild type. The effects of this mutation on ECj,
are well-characterized, and it is expected not to alter agonist binding."*">'* Dose-response
curves for BL9'S receptors were collected by Wenge Zhong."” When a L.9'S mutation is
present in the 3 subunit, ECy, for otherwise wild-type nAChR is 45.3 £ 0.6 uM. If a
single fluorine is added to the tryptophan ring by incorporating F-Trp at position 149, the
EC,, rises to 129.8 + 4.8 uM. This increase of almost threefold is comparable to the
fourfold increase observed with ACh. What is observed, though, is that further
fluorination does not lead to a significant further increase the EC5,. A small increase is
noted for F,-Trp, as the ECs, is 172.3 £ 5.7 uM. However, this is much smaller than the
factor of four which characterizes the ACh interaction with Trp analogs at a149.
Continuing in this vein, F;-Trp gives an ECs;, of 187.8 = 11.4 uM and F,-Trp produces a
receptor with an ECs, of 136.4 £ 5.0 uM. Again, this increase is significantly less than
that observed for ACh, implying that nicotine may not interact with Trp149 through a

cation-t interaction.
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The trend of these results was largely replicated in the receptor containing two L9'S
mutations, as seen in Table 2.1. In this ByL9'S receptor, the ECs, for nicotine is 1.31 +
0.45 uM. Introduction of F-Trp at position at149 causes a small increase to 4.19 = 1.00
uM. However, further fluorination of the ring leads to little significant increase relative
to the tenfold increase seen with acetylcholine. For F,-Trp, the value is 5.43 +0.74 uM,

increasing slightly to 12.56 +2.10 uM for F;-Trp and to 10.93 for F,-Trp.

L9’S Residue ECsy (uM) SEM ny SEM
B Trp 453 £0.6

B F-Trp 129.8 £4.8

B F,-Trp 172.3 £5.7

B F;-Trp 187.8 £11.4

B F4-Trp 136.4+£5.0

By Trp 1.31+0.32 292 +1.47
By F-Trp 4.19+0.71 1.57 £0.09
By F,-Trp 5.43 +£0.52 1.53 £0.08
By F,-Trp 12.56 £ 1.49 1.13 £0.07
By F4-Trp 10.93 1.28

Table 2.1 Nicotine dose-response data for oocytes expressing 3 and By L9’S nAChR suppressed
with the indicated residue at 0.149.

As an additional test that pore mutations exert their effects independently of binding
interactions between agonists and Trp149, the response of ACh to fluorinated Trp
analogs was measured in nAChR containing two L9’S mutation, in the beta and gamma

subunits. (Table 2.2) These data replicate the trend observed for § L9’S by Zhong et

al. 1,19
Residue ECs (uM) ng
Trp ND ND
F-Trp 0.04 1.46
F,-Trp 0.13 1.49
F;-Trp 0.45 1.05
F4-Trp 0.86 1.06

Table 2.2 ACh dose-response data for oocytes expressing y L9’S nAChR suppressed with the
indicated residue at c.149.
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2.2.2 Nicotine dose-response to fluorination at other binding site Trp residues

The above results raise the question of how nicotine is binding to the receptor, if it
does not rely on a cation-r interaction with Trp149. One possibility is that it retains the
interaction, but with an aromatic residue other than Trp149. In order to test this
hypothesis, a separate line of experimentation was undertaken involving probing other
aromatic residues in the binding site for cation-m interactions. Initially, we focused on
tryptophan residues implicated in nicotine binding by mutagenesis and photoaffinity
labeling studies from other labs.”® As in previous work with acetylcholine, these residues
included aTrp86, aTrpl184, yTrpS5, and dTrp57. However, while this work was
underway, the crystal structure of AChBP was published. From the crystal structure, it
appears that of these four residues, only the y55/857 pair are part of the agonist binding
site around Trp149." Because of this, only o184 and y55/857 were tested.

The experimental procedure for this test was reported earlier.' In brief, 5-CN-Trp or
5-Br-Trp is incorporated into the receptor at the position of interest. Both these
substituents withdraw electron density from the tryptophan ring, but the cyano group is
much stronger in this regard than bromine, even though the two are similar in size. The
calculated cation-7t binding energy for 5-CN-Trp is 21.5 kcal/mol, relative to 27.8
kcal/mol for 5-Br-Trp. The expectation is that an agonist binding to the face of an
aromatic ring at this position would be dramatically affected by the presence of 5-CN-Trp
at this position and less by 5-Br-Trp. In the case of ACh at position 149, for example,
there is an approximately 50-fold difference between 5-CN-Trp and 5-Br-Trp." On the

other hand, if binding to the face of an aromatic at this position is not important, little
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difference between the two will be observed. At position a184, for instance, the ratio
between 5-CN-Trp and 5-Br-Trp for ACh is 0.96.

As shown in Figure 2.2, nicotine shows no marked reliance on the aromatic face of
side chains at a184 or y55/057. At a184, the ECy, of receptors containing 5-CN-Trp is
nearly identical to that of those containing 5-Br-Trp, which is no surprise if the AChBP
structure reflects the actual structure of the nAChR binding site. At y55/857, there is a
slightly larger effect. ECs, for 5-CN-Trp is 1.43 £0.18 uM and 3.04 + 0.45 uM for 5-Br-
Trp. However, the ratio is approximately 0.5, well below that expected for an agonist
relying on the energetics of a cation-r interaction for binding and, in fact, in the opposite

direction.
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Figure 2.2 Nicotine dose-response for oocytes expressing nAChR suppressed at position o184
(left) and y55/057 (right) with Trp (green), 5-CN-Trp (blue), and 5-Br-Trp (red). Receptors
suppressed at o184 contain By L9’S mutations, while those suppressed at y55/857 contain o L9’S.

From these data, we conclude that nicotine does not bind nAChR via a cation-mt
interaction at any of the sites tested. Most surprisingly, there is no apparent interaction
with Trp149, at which cation-m interactions were observed for ACh and for serotonin at
the homologous residue in the 5-HT;R. In light of photoaffinity labeling of y55 by
nicotine in experiments by Jonathan Cohen's lab, it is perhaps also surprising that the

cation of nicotine does not apparently interact with y55/857.%%*'
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2.2.3 N-methyl-nicotinium dose-response

One way in which protonated tertiary cations differ from quaternary cations is in their
charge density and ability to benefit from cation-m interaction with aromatic systems.
However, an equally important difference is that the protonated tertiary amine may lose
its proton and revert to neutrality, presumably resulting in a non-binding form of the
agonist. This is in contrast to the quaternary ammonium center, which is permanently
charged under normal physiological conditions. In the case of nicotine, the pK, of the
pyrrolidinium nitrogen is 7.8, quite close to physiological pH.” Thus, it is quite
reasonable to suppose that the microenvironment at the nAChR binding site might be
sufficiently basic to induce deprotonation. Further, it is reasonable to suppose that
perturbing the electrostatics of the side chain at a.149 might alter the electrostatics of the
binding site in such a way as to promote or hinder deprotonation. In order to test the
hypothesis that fluorination affects not only the cation-rt binding ability of the residue at
149 but also the protonation state of nicotine, a quaternary analog of nicotine, N-
methyl-nicotinium, was prepared by Niki Zacharias.”

Sterically, N-methyl-nicotinium is bulkier than nicotine, as a result of the additional
N-methyl group. As discussed, the relatively diffuse charge density decreases the ability
of this quaternary cation to interact with the face of an aromatic residue relative to
nicotine. Finally, the quaternary analog of nicotine is unable to undergo deprotonation
and thus serves as a test for the hypothesis that fluorination at 149 promotes
deprotonation and results in an apparent decrease in agonist affinity. As shown in Table
2.3, the ECy, for N-methyl-nicotinium in $yL9’S nAChR is 0.77 = 0.14 uM, quite similar

to that that of nicotine. (Table 2.1) In response to F-Trp, the ECy, increases fivefold to
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4.23 + 0.44 uM. Like nicotine, N-methyl-nicotinium does not respond significantly to
further increases in fluorination. F,-Trp gives rise to an ECy, of 5.70 £ 0.76 uM, F;-Trp
to 3.27 £0.44 uM, and F,-Trp to 4.56 = 1.01 uM. Thus, it seems that changes in
protonation state do not account for the increased EC,, of F,-Trp. Furthermore,

quaternized nicotine does not appear to acquire a cation-7t interaction.

Residue ECs (uM) SEM ng SEM
Trp 0.77 £0.14 1.34 +0.07
F-Trp 423 +0.44 1.44 +0.08
F,-Trp 5.70 £0.76 1.42 +0.09
F;-Trp 3.27+£0.44 1.33 +0.07
F4-Trp 4.56 +1.01 1.05 +0.13

Table 2.3 N-methylnicotinium dose-response data for oocytes expressing fy L9’S nAChR
suppressed with the indicated residue at o.149.

2.2.4 Noracetylcholine dose-response

A complementary line of experimentation analyzed the behavior of a tertiary analog
of ACh. The expectation, strictly on charge-density considerations, is that this agonist
should show a steeper slope in the plot of ECs, versus cation-rt binding ability of a149.

However, the data do not conform to this expectation (Table 2.4).

Residue ECs5y (uM) SEM ng SEM
Trp 22.75 £ 6.45 2.62 £1.00
F-Trp 161.03 £9.31 1.92 £0.26
F,-Trp 225.46 £27.92 1.62 £0.04
F;-Trp 326.59 + 18.16 1.62 £0.03
F4-Trp 152.24 £4.31 1.53 £0.03

Table 2.4 NorACh dose-response data for oocytes expressing By L9’S nAChR suppressed with
the indicated residue at o.149.

Noracetylcholine is vastly inferior to the natural agonist, with an EC,, of
22.75 £ 6.45 uM in the ByL9’S receptor. Interestingly, the tertiary analog of ACh shows
a trend which is ambiguous as to whether or not it implies a cation-rt interaction with
a149. The EC,, for norACh in receptors containing F-Trp is 161.03 £9.31 uM, a

sevenfold increase. However, ECy, with F,-Trp at 149 is 225.46 + 27.92 uM, F;-Trp is
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326.59 + 18.16 uM, and F,-Trp is 152.24 + 4.31 uM. As with nicotine, there is a formal
possibility that norACh is being deprotonated in the binding site, although the pK, of this

amine is greater (8.3).”

2.2.5 \Variation of pH with tertiary ACh

Work by James Petersson in this laboratory has shown that the apparent local pK, of
amine-containing compounds in the muscle receptor binding site differs dramatically
from their behavior in bulk solvent.** We reasoned that it may be such a distinction which
accounts for the marked difference in response to ACh and the very similar compound
norACh. To provide an initial test of this hypothesis, the trend of activation by norACh

with varying pH was investigated. (Figure 2.3)
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Figure 2.3 ACh and norACh response in a.9’S muscle nAChR measured at varying pH. Mean
whole-cell currents were recorded in response to 10 uM ACh and 100 uM norACh, then
normalized to the maximal current and are reported as the mean value (+SEM).

The whole-cell current peaked at pH 7.5 for both agonists, and no great difference
was observed between the behavior of tertiary and quaternary analogs. It may be that the
binding-site environment shields agonists from buffer pH effects, but the lack of overt
variation with pH is perhaps suggestive that the potential proton lability of norACh does

not account for the difference between its behavior and that of ACh.
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2.2.6 TMA dose-response

It also appears that weak agonism does not necessarily correlate with lack of a cation-
7t interaction with o149, since data for TMA reported by Wenge Zhong show the
expected trend for cation-w interactions.'” Here, the ECy, for B8L9’S nAChR is
47.6 + 1.7 uM, comparable to that of norACh. There is a significant increase with F-Trp,
to 155.4 £ 3.5 uM, and additional linear increase to 312.7 = 8.0 uM for F,-Trp and
788.6 +£22.7 uM for F;-Trp. Thus, the absence of a cation-r interaction between norACh
and o149 cannot be explained by the low efficacy of norACh relative to ACh. Nor is it
the case that cation-rt interactions are only observed with quaternary agonists, as primary

and secondary serotonin analogs undergo the interaction with the 5-HT; receptor.

2.2.7 Serotonin binding to 5-HT,,R substituted with F -Trp series at W183

The position in the 5-HT;,R homologous to o149 in the mouse muscle receptor was
substituted with the series of fluorinated Trp analogs. The results for W183 suppression
were obtained by Darren Beene and are reported in Table 2.5. As was observed for the
nAChR, the other Trp side chain which aligns with the conserved residues of the
aromatic box was tested and showed no difference between Trp and F,-Trp. Thus, it

appears that the behavior of residue 183 is unique.

2.2.8 Binding of tertiary and quaternary 5-HT analogs

In an effort to understand whether ammonium centers with differing degrees of
alkylation, such as those of nicotine and ACh, interact more or less strongly with

aromatic residues, a series of N-alkylated serotonin analogs was tested on the 5-HT;,R.
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In the usual fashion, the series of fluorinated Trp analogs was incorporated at position

183 and dose-response relations collected. (Table 2.5)

2.2.9 Involvement of hydrogen bonding at W183 investigated

As in the case of the initial studies on the nAChR carried out by Wenge Zhong, we
were mindful of the fact that fluorination of the tryptophan side chain changes the
hydrogen bond donation ability of the indole nitrogen as well as the electrostatic
character of the aromatic portion of the molecule.! As before, in order to verify that the
observed effects were not due to hydrogen bonding, a series of non-hydrogen bonding
analogs of tryptophan with similar calculated cation-zt binding energy was tested at

position 183 by Darren Beene. The results of these experiments are also reported in

Table 2.5.
Residue EC;+SEM (uM) Hill coefficient+SEM
5-HT
Trp 1.21+0.06 2.0+0.16
F-Trp 6.03+0.51 1.4+0.14
F,-Trp 37.7+2.96 1.9+0.23
F;-Trp 24448 4 2.540.17
N-Me-5-HT
Trp 1.82+0.10 2.540.13
F-Trp 2.70+0.17 1.9+0.19
F,-Trp 23.1+2.73 2.6+0.22
F;-Trp 368+ 2.0+0.10
5-HTQ
Trp 1.07+0.07 2.1+0.25
F-Trp 1.65+0.15 1.65+0.19
F,-Trp 12.8+0.95 1.840.19
F;-Trp 284+18.7 2.0+0.15
5-HT
1-Nap-Ala 30.4+1.75 1.6+0.10
2-Nap-Ala 32.0+2.30 1.6+0.12
N-Me-Trp 25.6+1.66 1.840.16
Trp 90
Trp 1.21+0.06 2.0+0.16
F,-Trp 1.01+0.049 1.6+0.09

Table 2.5 Serotonin and 5-HT analog dose-response data for oocytes expressing 5—-HT; R
suppressed with the indicated residue at position 183 and, where indicated, 90.
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2.2.10 Efficacy

The EC,, for a receptor is a composite measurement, comprising multiple elementary
steps. Even in the most simplistic two-state model of channel opening, agonist binding to
the closed channel is followed by a conformational change to an open channel state.
Since the dose-response measurement fails to deconvolute these two steps, experiments
were undertaken to determine whether binding or channel gating accounted for the
observed alterations in ECs, in response to increasing Trp fluorination. The efficacy of a
compound on a ligand-gated ion channel is reflected in the maximal current passed at
saturating agonist concentration under given electrophysiological conditions.”* Relative
efficacies of all nicotinic drugs were determined in ND96 medium in oocytes clamped at
a membrane potential of -80 mV at a concentration approximately five times the ECy, of

the compound. (Figure 2.4)
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Figure 2.4 Efficacy measurements for oocytes expressing $y L9’S nAChR suppressed with the
indicated residue at a149ACh, in response to saturating concentrations of the indicated agonist.
Mean whole-cell currents were obtained and normalized to the maximal signal elicited for each
oocyte. Normalized data were averaged and are reported along with SEM. Concentrations of
each agonist were ACh, 10 and 100 uM; N-Me-nicotinium, 10 and 100 uM; nicotine, 10 and 100
uM; norACh, 100 and 500 uM; and TMA, 250 and 500 uM.
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For the nAChR agonists considered here, there was no significant difference in efficacy
among them. Nor was the relative efficacy observed to differ in receptors containing
fluorinated Trp analogs. There are some small effects, such as the apparent drop in
efficacy of TMA with F-Trp and norACh with F;-Trp, although in both cases the sample
size was small and at least one oocyte showed uniform efficacy for all five compounds.
Also, the measurements were taken at high concentrations, in order to obtain maximal
current. Particularly with fluorinated Trp residues, the potency of certain compounds is
sufficiently low that maximally efficacious concentrations begin to overlap with
concentrations which induce channel block. Data for TMA and norACh were
particularly affected. Additional data were collected at -40 mV, in an attempt to reduce
open-channel block by these agonists, although it differed little from that collected at -80
mV.

The process of channel gating is a complicated one and is postulated to involve
numerous elementary steps for the nAChR. Thus, it is overly simplistic to conclude from
these efficacy experiments that the effects observed are due exclusively to binding.”
However, the fact that all compounds tested exhibit the same efficacy is somewhat
suggestive that the effects we observe are primarily relevant to binding. The ability of
these compounds to initiate the conformational changes associated with channel opening
is not apparently affected by the presence of variously fluorinated Trp analogs in the
binding site. Thus, the large effects that we see on potency probably arise due to effects

on agonist binding.
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2.2.11 Results from neuronal nAChR

Unlike the muscle-type nAChR, neuronal nicotinic receptors uniformly show higher
affinity for nicotine than they do for ACh.” It would be quite interesting to know whether
these high-affinity nicotine receptors bind nicotine via a cation-7t interaction with the
Trp149 homolog, which is conserved across all nAChR. However, these receptors
proved not to be amenable to unnatural amino acid suppression. Wild-type recovery in
the a4p2 receptor was possible, although injection of 25 ng of total mRNA in various
subunit ratios gave rise only to several hundred nA of whole-cell current at -80 mV in
ND96 under the most optimal circumstances. Fluorinated analogs expressed even more
poorly, with less than 100 nA whole-cell current. As a result, dose-response curves could
not be collected for a4p2 receptors. Chimeric constructs consisting of the extracellular
domain of neuronal nAChR a4, 32, and a7 and the transmembrane domains of the 5-
HT,R have been shown to express better than native nAChR in numerous cell lines.”*
These constructs also failed to give substantial currents in wild-type recovery suppression
experiments. Work to increase the expression efficiency of neuronal receptors in

nonsense suppression experiments in Xenopus oocytes is treated in further detail in

Section 2.4.

2.3 Discussion

The binding of a neurotransmitter to its receptor is a testament to the organizing
power of weak, noncovalent interactions. Determining the impact these low-energy
interactions have on a dynamic process such as molecular recognition requires that the
analysis, involving physical organic chemistry, be carried out on a functioning integral

membrane protein. The technique of introducing synthetic amino acid side chains



32
through in vivo nonsense suppression is one of the few methods available for performing
such analyses. In the case of the nicotinic acetylcholine receptor, we have previously
proposed a unique role for Trp149 in the alpha subunit in the binding of the natural
agonist, acetylcholine.' The cation-rt binding ability of the side chain at this position was
subtly and serially altered by introducing a series of increasingly fluorinated tryptophan

derivatives.”** (Figure 2.5)
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Figure 2.5 The series of fluorinated Trp analogues, with the gas phase cation-t binding energy of
fluoroindoles (HF 6-31G**) in kcal/mol.**

The ability of ACh to trigger receptor opening decreased with decreasing cation-7
binding ability of the side chain at this position. From this, we concluded that o149
participated in a direct cation-rt interaction with the quaternary ammonium center of
ACh. More recent structural work from other labs has confirmed our conclusion and

provided much greater detail as to the composition of the binding site.'> (Figure 2.6 and

Figure 2.7)
muscle PDLVLYNNADGDFAI VKFTKVLLQYTGHIT WTPPAIFKSYCEIIV THFPFDEQNCSMKLG
5-HT3A PDILINEFVDVGKSP -NIPYVYIRHQGEVQ NYKPLQVVTACSLDI YNFPFDVQNCSLTFT
AChBP PDLAAYN-AISKPEV LTPQLARVVSDGEVL YMPSIRQRFSCDVSG VDTESG-ATCRIKIG
muscle TWTYDGS----VVAI NPESDQPDLS-NFME SGEWVIKESRGWKHS VTYSCCPDTPYLDIT YHFVMQRLPLYFIVN
5-HT3A SWLHTIQDINISLWR LPEKVKSDRS-VFMN QGEWELLGVLP--YF REFSMESSNYYAEMK FYVVIRRRPLF----
AChBP SWTHHSR----EISV DPTTENSDDSEYFSQ YSRFEILDVTQKKNS VTYSCCPEA-YEDVE VSLNFRKKGRSEIL-

Figure 2.6 Sequence alignment of muscle nAChRa., 5-HT;,R, and AChBP."*** The residues
which comprise the aromatic box are indicated with arrows, with the exception of the Trp residue
contributed by the interfacial subunit, which is conserved among all members of the nAChR
receptor family and which is y55 or 857 in muscle nAChR.
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Figure 2.7 Diffraction data from AChBP showing the quaternary ammonium center (blue) of a
HEPES molecule from the crystallization buffer bound to the face of Trp143, the homolog of
muscle nAChR Trp149 and 5-HT;,R Trp183. The residues of the aromatic box comprising the
nAChR active site are numbered according to the nAChR muscle numbering. Trp55 is from the y
subunit.

In the work presented here, we extend this technique to consider the binding of the
pharmacologically important nAChR agonist, nicotine. In addition, the approach of
altering side chain electrostatics is complemented by modification of the ammonium
center of both ACh and nicotine. Finally, related work by Beene on the ligand-gated
serotonin receptor, 5S-HT;R, is introduced to support and further the analysis of results

obtained on the nAChR.

2.3.1 Anomalous behavior of nicotine

Probing nAChR containing variously fluorinated Trp derivatives with ACh gives a
very clear relationship between calculated cation-rt binding energy and the measured
dose-response.' However, this is not true at all with nicotine.” As may be appreciated
from Figure 2.8, fluorination of Trp149 gives rise to a receptor with diminished
responsiveness to nicotine. However, further fluorination does not further impact
nicotine's ability to open the channel. Thus, it does not appear that there is a direct

electrostatic interaction between the ammonium center of nicotine and Trp149. Nicotine



34

is a full agonist for the nAChR and would be expected by all conventional

pharmacophore models to share roughly the same binding mode as ACh.””*
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Figure 2.8 Electrophysiological analysis of nicotine. Left panel: Nicotine dose-response relations
for By L9’S nAChR suppressed with Trp (O), E-Trp ([0), F,-Trp (¢), F5-Trp (A), and F,-Trp (V) at
.149. (b) Fluorination plot for ACh (O) and nicotine ([]) at the nAChR.

2.3.2 Similarity between ACh and serotonin

The linear response to fluorination seen with ACh is not a property peculiar to the
nAChR. The introduction of a series of fluorinated Trp analogs at position 183 of human
5-HT;R provides clear evidence for a cation-i interaction between this residue and
serotonin, as had been suggested by earlier studies from the Lummis laboratory.* This
interaction appears to be unique to Trp183. Substitution of the fluorinated Trp series at
other aromatic residues in the binding site region causes no significant effects.
Interestingly, the slope of the plot relating ECs, to calculated cation-rt binding energy is
rather different than for ACh binding to nAChR. Inspection of Figure 2.9 shows that the
serotonin slope is markedly steeper. However, the similarity between these two
completely different systems is much more striking than the difference, in light of

observations on two highly related agonists at the nAChR.
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Figure 2.9 Fluorination plots showing dependence of ACh ([]) and 5-HT (O) on Trp fluorination
at position 149 in By L9’S nAChR and 183 in 5-HT;,R. Fluorination plot (10g[ECsy/ECsgyy]
versus calculated cation-it binding ability for the series of fluorinated Trp derivatives) for 5-HT
data fit the line y = 5.37 - 0.17x and for ACh fit the line y = 3.2 - 0.096x. The correlation for both
linear fits is R = 0.99.

2.3.3 Expected behavior of primary, tertiary, and quaternary ammonium compounds

In comparing ACh, 5-HT, and nicotine, a very evident difference is the nature of the
cationic center. ACh contains a quaternary ammonium group, nicotine a tertiary N-
methyl-pyrrolidinium, and serotonin a primary ammonium. (Figure 2.10) From the
standpoint of molecular recognition by aromatic residues, these differences are expected
to be significant. The three methyl groups of ACh carry most of the positive charge, and
they distribute it relatively diffusely and symmetrically around the nitrogen center. At
the opposite extreme, serotonin bears most of the charge of its protonated ammonium on
hydrogen atoms close to the nitrogen. The relatively higher charge density of the primary
center makes it more attractive to the face of an aromatic amino acid side chain, such as
tryptophan. Nicotine occupies a middle ground in terms of cation-rt binding ability, but it
is important to note as well that the distribution of positive charge around the nitrogen in

nicotine is highly asymmetric.
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Figure 2.10 Agonists utilized in this study. Top: nAChR agonists with AM1 electrostatic
surfaces showing the overall geometrical similarity of the structurally distinct nicotinoid and
cholinergic agonists. Bottom: 5-HT;,R agonists, with AM1 electrostatic surfaces showing the
varying charge density around the nitrogen center. Electrostatic surfaces were calculated using
Spartan and correspond to an energy range of -5 to +160 kcal/mol, where blue is positive and red
is negative.
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Indeed, all three of these compounds are not modeled at all accurately by considering
a spherical distribution of charge, as would be the case for a sodium or potassium atom.
As a result, high-level quantum mechanical calculations of the kind performed for
fluorinated indoles are not feasible for these cations. The issue of geometry is too
important and too difficult to assign to permit any kind of quantitative analysis.
However, it is the case that the two molecules which exhibit the hallmark of a cation-rt
interaction with the Trp homologous to 149 behave as expected from this analysis. In the
case of nAChR, the slope of plot of log ECs, vs. cation-it binding energy is rather
shallow.

Ab initio calculations show that the surface of Fi-Trp is essentially electrostatically
neutral.”>** Thus, a comparison of F+-Trp and Trp provides a measure of the electrostatic
component of the cation-rt interaction. The Fai-Trp/Trp ratio reflects the energy cost of

removing the attractive electrostatics but maintaining the residue, as if the Trp were
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replaced by a hydrophobic residue of the same shape. This new residue maintains most
van der Waals and dispersion interactions but cannot experience a cation-interaction. For
ACh, the Fs-Trp/Trp ratio is 54. For serotonin, the Fs-Trp ECso value is obtained by
extrapolation of the line in Figure 2.9, which leads to a Fs-Trp/Trp ratio of 836. If these
are viewed as ratios of binding constants, then the implied energetics of a cation-i
interaction are 2.4 and 4.0 kcal/mol, respectively, for ACh and serotonin. These are
consistent with other estimates of the magnitude of the cation-7 interaction.” Based on
these calculations, it would appear that the primary cation interacts more strongly with

the face of tryptophan.

2.3.4 Experimental behavior of primary and substituted ammonium compounds

Examination of the results for a series of substituted serotonin analogs shows that this
simple explanation does not do justice to the complexity of the molecular recognition
problem. An N-trimethyl version of serotonin has a very similar charge distribution to
that seen for ACh. However, Figure 2.11 shows clearly that the slope for this compound
is more similar to that of serotonin than that of ACh. Indeed, a secondary analog of
serotonin behaves even more like the quaternary version than it does like 5-HT, thus
ruling out the hypothesis that slope of this plot reports in a simple way on the strength of
the interaction. However, all three of these compounds follow the general trend that we
associate with an electrostatic interaction with Trp183. As electron density is withdrawn
from the face of the aromatic side chain, the drugs are less and less effective agonists.
The EC,, rises, in fact, in a fairly regular way with decreasing cation-rt binding ability of

the aromatic.
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Figure 2.11 Fluorination plots for N-alkylated serotonin analogs showing variation in dependence
on Trp fluorination at 5-HT;,R position 183. Agonists are indicated by 5-HT (O), N-Me-5-HT
(), and 5-HTQ (A).

At first glance, these data appear mutually incompatible. On the one hand, EC, can
be tuned by varying the attractiveness of the aromatic side chain to the cation. On the
other hand, varying the cation-rt binding ability of the other partner, the cation, shows no
such trend. We interpret this to mean that comparing a series of fluorinated analogs for a
given agonist represents the impact of changing electrostatics on a given binding mode,
namely, one where the cation is brought within van der Waals contact with the Trp
analog. Predictable alteration of the energetics of this interaction gives rise to a
predictable trend in ECy,. When considering different agonists, however, the comparison
is potentially negated by the fact that the binding modes may be different. The distance
of the cation from the aromatic face may be different; the geometry may vary, since the
highest region of local charge density is probably pointing toward the face of the
aromatic; the energetic contribution of other kinds of interactions with other parts of the
molecule may differ; and the ability of different agonists to gate the channel may

contribute.



39

2.3.5 Potential acidity of protonated nicotine

Additionally, there is the interesting fact that serotonin analogs differ in a
fundamental way from what we have seen with nicotine and ACh. While all the 5-HT
analogs show signs of an electrostatic interaction with Trp183, nicotine apparently does
not interact in this way with Trp149. Having learned from the 5-HT;R that cation-m
binding ability of the agonist is not a good predictor of dose-response change with
increasing fluorination, we considered another hypothesis for nicotine, namely the
possibility of deprotonation. Presumably, deprotonation would render the compound
unable to bind at all, since no neutral agonists of ligand-gated channels are known. This
is a special concern for nicotine, as the pK, of the pyrrole is decreased to 7.8, almost
physiological pH, due to the inductive effect of the pyridyl ring. It is a possibility that the
microenvironment of the binding site is such that it buffers the nicotine. This could
explain why there is an apparent leveling in the ECy, response to increasing fluorination.
Rather than reflecting an electrostatic interaction between agonist and receptor, it could
be that the assay is reporting on changes in active site basicity as a result of incorporating
fluorinated indole side chains. To test this hypothesis, a quaternary derivative of nicotine

was analyzed.

2.3.6 Behavior of tertiary and quaternary nAChR agonists

As is readily evident from Figure 2.12, nicotine deprotonation is unable to explain the
line shape seen in the plot of log ECs, versus cation-t binding ability. N-methyl-
nicotinium is incapable of being deprotonated, but it gives very similar results to nicotine
itself. Certainly, there is no regular increase in ECy, with increasing fluorination that

characterizes a direct electrostatic interaction with Trp149.
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Figure 2.12 Electrophysiological analysis of nicotine and its quaternary analog. Left panel:
Nicotine dose-response relations for By L9’S nAChR suppressed at 0.149 with Trp (O), F-Trp ([),
F,-Trp (¢), F5-Trp (A), and F,-Trp (V). Center panel: Dose-response relations for N-Me-
nicotinium for By L9’S receptors suppressed with Trp (O), F-Trp ([), F,-Trp (¢), F5-Trp (A), and
F,-Trp (V) at a149. Right panel: Plot of log [EC5y/ECs] for ACh (O), nicotine ([]), and N-Me-
nicotine (A) at the nAChR versus the calculated cation-t binding energy of the series of
fluorinated Trp derivatives.

Indeed, nicotine does not experience such an interaction with any of the aromatic
amino acids comprising the binding site, as inferred from the AChBP crystal structure.
Figure 2.2 shows that substitution of y55/057 with Trp analogs of radically different
electrostatic character gives very little difference in ECy,. Additionally, earlier studies
carried out on Tyr93 and Tyr198 do not show shifts characteristic of nicotine-tyrosine
cation-rt interactions.'® Substitution of Tyr190 with even very modestly different
unnatural analogs proved impossible, however, so we are unable to rule out the
possibility that nicotine interacts with this residue.

Where does this leave us as far as comparing the means of molecular recognition in
the two receptors? The expectation for 5-HT;R was that modulation of the charge
density of the cationic center would track with the slope of log EC,, versus cation-
7t binding energy. It stands to reason that the more energetic the interaction between
cation and aromatic, the more binding would depend on it. In the simplest case of gas-
phase binding of ions to a series of fluorinated Trp's, the slope for Li* would be greater
than Na®, which would be greater than K", and so on."” Clearly, the situation in the

binding site is more complicated than this.
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Where alkali metal ions are approximately spherical, the charge density of serotonin
analogs is highly anisotropic. In fact, shape selection is usually considered to be
extremely important in the binding of small molecules in hydrophobic protein active
sites.* The 5-HT;R has evolved to bind serotonin, which is a primary amine. Even
though 5-HTQ binds and gates with channel with identical potency and efficacy to 5-HT,
it is safe to assume that the binding site is optimized for the smaller serotonin cation. The
fluoro-Trp-based assay may, in fact, be reporting on extremely subtle differences in
positioning, as the electrostatic interaction between cation and st system is strongly
distance-dependent. In the case where the natural agonists are being compared, as in
5-HT with 5-HT;R and ACh with nAChR, it may well be the case that the comparison is
significant. Here, the systems are comparable, in that the binding site has been optimized
for best fit. The implication that the productive binding mode for 5-HT is more
dependent on the electrostatics of Trp183 than is ACh on Trp149 may well be taken to
mean that non-cationic interactions with the receptor play a greater role in nAChR.

This interpretation is in some ways consistent with what was observed for TMA by
Wenge Zhong." This very simple cation is an agonist of nAChR, but with very low
potency. Of all agonists tested, in fact, its potency is the lowest. However, it exhibits a
cation-rt interaction with Trp149. (Figure 2.13) In other words, productive binding of
TMA involves the quaternary ammonium group nestled up against the face of Trp149.
From the perspective of the aromatic box, when TMA gets this close, it is quite similar to
ACh. The acetyl component of ACh doesn't have room to fit in the box, and probably
extends out of the box altogether during productive binding. If TMA looks so similar to

ACh at its ammonium head group, then, is it safe to conclude that the additional potency
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of ACh comes from interactions between the acetyl group and another part of the binding
site? It certainly seems so. This is also in accord with what is observed for nicotine and

its N-methylated derivative.
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Figure 2.13 Plot of log [EC5/ECs (] for ACh (O), norACh ([]), and TMA (A) at the nAChR
versus the calculated cation-rt binding energy of the series of fluorinated Trp derivatives.

Like TMA, these compounds are significantly less potent than ACh. But unlike
TMA, they do not appear to come quite so close to the aromatics of the box during their
productive binding mode. Indeed, no cation-r interaction is detected with any part of the
aromatic box. Nonetheless, the compounds are reasonably efficacious. The conclusion is
that the channel can be opened by compounds relying on interactions outside of the
aromatic box. The most surprising result of all, a priori, is probably the behavior of
norACh. (Figure 2.13) The backbone of this compound is identical to ACh. Any non-
cationic interaction available to ACh should be equally available to norACh. Indeed, the
cationic center of norACh is an even better cation-t binder than the quaternary
ammonium of ACh. However, norACh is an agonist of amazingly low potency. It is
tempting to conclude that the aromatic box of the nicotinic receptor has evolved to
accommodate a quaternary ammonium, and anything smaller is rejected. Until a tertiary
compound is discovered which displays an unequivocal cation-m interaction, this

argument may even be maintained.
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However, it is important to note that nicotine certainly opens the channel without
apparently coming in van der Waals contact with the aromatic box. And productive
binding is primarily what one is interested in, as far as understanding channel function.
The neuronal receptors, for which nicotine is a far more potent agonist than the muscle
receptor, will present a very interesting system for study. It is tempting to speculate that
these receptors contain aromatic boxes which are more accommodating of nicotine's
pyrrolidinium cation and allow it to behave like ACh in all respects. It is also the case
that there are hundreds of interesting nicotinic agonists which remain unstudied by this
method, including the secondary amine epibatidine. It is highly likely that high-
resolution structural data of AChBP may be able to shed further light on the varieties of

agonist binding modes.

2.3.7 Conclusions

In conclusion, we have learned several things from these studies. First of all, it is
clear that 5-HT experiences a unique cation-r interaction with Trp183. Furthermore, the
binding site of 5-HT;R is such that it can accommodate significant increases in bulk
around the ammonium center. Even the quaternary analog retains a direct electrostatic
interaction with Trp183 and is an effective agonist for the channel. Second, we have
shown that nicotine differs in a dramatic way from ACh in its reliance on direct
electrostatic interaction with nAChR Trp149. This finding may prove to be relevant for
future generations of nicotinoid drugs. Finally, we have determined that the fluorinated
Trp series works well as a general technique. The differences in slope between the ECs,
vs. cation-it binding energy plots of ACh and serotonin that it reveals may reflect

interesting differences in how molecular recognition of neurotransmitters by their
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receptors is effected. It remains unwise to generalize too much about the nature of
molecular recognition of neurotransmitters by their receptors. The amount of structural
information is still too limited. However, elucidation of the atomic-level details of these
interactions continues, and the importance of these molecules to biology is so great that

we are optimistic that answers will be forthcoming.

2.4 Attempts to introduce unnatural amino acids into neuronal nAChR

2.4.1 Motivation

As indicated above, any serious study of nicotine and its analogs should most
properly be carried out on the receptors on which these compounds act. In animals, these
receptors are neuronal nAChR.>** Mice in which either the a4 or f2 nAChR subunits
have been genetically knocked out show severely diminished self-administration of
nicotine, suggesting that these receptors play a substantive role in the physiological
effects of nicotine.***’” Additionally, binding studies on brain slices from rats have shown
that the majority of nicotine binding in the brain is accounted for by a4f2 and a7

receptors.***

2.4.2 Expression of a4f2 in oocytes

Literature reports on the expression of a4f2 in oocytes present a variety of ECs,

values for these receptors.””™

Frequently, these differences are attributed to
heterogeneity of subunit stoichiometry. This heterogeneity is expected to be a difficult

variable to control in a suppression experiment, where the amount of suppressed subunit

is difficult to control or predict. In order to assess the behavior of a4f2 receptors in
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oocytes, wild-type receptors were expressed prior to the initiation of suppression
experiments.

Both a4 and B2 from rat were available in the pAMYV subunit, from earlier work in
the laboratory by Mark Nowak. In addition to these subunits, mutants containing o L9’S
were obtained and expressed. Initially, these receptors gave rather inconsistent results,
particularly with regard to dose-response relations. However, it was discovered that
changing to pH 6.5 gave much more consistent, and apparently normal behavior. An
ECs, of 0.99 uM was obtained for ACh from the wild-type receptor, in accord with most

50-53

published reports. (Figure 2.14) The Hill coefficient for this experiment, 0.80, was

also in the range of typically reported values.””™’
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Figure 2.14 ACh dose-response for wild-type rat 42 nAChR. Left panel: Individual traces
from two-electrode voltage clamp of oocytes treated with the indicated ACh concentrations. Right
panel: Dose-response curve for a single oocyte, plotting normalized ACh response against log
[ACh] and fitted to the Hill equation.

Because of the presumed stoichiometry of two alpha subunits and three beta subunits,
the use of BL9’S subunits was expected to give receptors with a dramatically shifted
ECs,, so 09’ mutants were used instead. Unfortunately, these receptors proved
troublesome to characterize, because of frequent ill effects on oocyte health.

Initial studies attempting to introduce Trp at position o184, homologous to o149 of

the muscle receptor, produced absolutely minimal measurable response. Currents were
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notably higher for suppression of alpha9’ subunits, although these receptors proved
difficult to work with, as mentioned above. As the need for optimization became clear,
human o4 and 32 subunits were obtained, on the grounds that work on the human
receptor would have more direct relevance to the clinical pharmacology of nicotine.
Here, the wild-type receptors were obtained from Jon Lindstrom’s laboratory in the
pSP64 vector. The overall level of expression of both human and rat 42 nAChR was
noticeably less than that of the mouse muscle receptor, but whole-cell currents of 3-5 uA

were routinely obtained.

2.4.3 Initial attempts at wild-type recovery by nonsense suppression

As in the rat receptor, the human a4 W182TAG mutation corresponding to muscle
a149TAG was made. Attempts to recover wild-type activity by suppressing with tRNA-
Trp were disappointing. The maximum whole-cell currents obtained were on the order of
50 nA, with median values in the range of 20 nA. Co-injection of TAG-containing
subunits with wild-type subunits in the absence of suppressor tRNA was performed to
test for dominant-negative effects, with no evidence of such an effect. The other residues
corresponding the aromatic box of the AChBP were altered to amber stop codons and
suppressed with Trp. It was observed that the best suppression efficiency was obtained at
a182. After many months of optimization, sufficient currents were achieved to collect a
dose-response curve for suppressed ha4p2 nAChR. (Figure 2.15) This experiment gave

an EC,, value of 0.6 £ 0.1 uM, with a Hill coefficient of 1.2 +0.1.
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Figure 2.15 Trp suppression of ha4f2 at the indicated position in the alpha subunit. Left panel:
Mean whole-cell current (+SEM) in response to 20 uM ACh from oocytes expressing suppressed
a4p2 nAChR. Right panel: ACh dose-response curve from a single oocyte suppressed with Trp
at position ha4-182. In all cases, 30 ng total mMRNA (50:1 ha4-W182TAG:f32) was injected, and
recordings made 48 hr post-injection in ND96, pH 6.5.

However, such expression levels were not typical, and even these whole-cell currents
were barely adequate for obtaining dose-response relations. It appeared that poor
suppression efficiency was characteristic of a4p2 nAChR. Accordingly, a broad-based

program to boost expression was undertaken.

2.4.4 Increasing translational efficiency

2.44.1 Use of vectors optimized for oocyte expression

One possible reason for low expression is that the suppressed subunits are not being
efficiently translated. Given the importance of heterologous expression in Xenopus
oocytes to ion channel biology, a number of expression vectors have been developed and
optimized for expression in this system. A vector developed in the Lester laboratory,
PAMYV, has typically given good results. This vector contains a 3° UTR from alfalfa
mosaic virus, which is thought to confer upon the mRNA the ability to bind relatively
well to free ribosomes, thus providing a competitive advantage over endogenous
mRNA.’*”  Another common strategy for vector design has been to flank the desired

gene with 5’ and 3’ UTR from a highly expressed gene, such as B-globin.® A vector
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containing a multiple-cloning site surrounded by Xenopus -globin UTR was obtained,
along with several others which have been reported to produce high levels of expression
in oocytes.

Unfortunately, two of these vectors (pBSTAII and pNKS)***’ proved difficult to clone
the ha4 and hB2 subunits into, and another gave no expression at all (pSGEM).™ The
complete lack of expression with pSGEM gave reason to believe that the latter constructs
were faulty, although restriction digestion and sequencing of the gene region appeared
normal. Some favorable results were obtained with pAMYV, particularly where

expression was measured two days after injection. (Figure 2.16)
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Figure 2.16 Comparison of pAMV and pSP64 vectors for wild-type ha4f32 expression. Left
panel: Mean whole-cell currents (+SEM) in response to 20 uM ACh. Right panel: Mean whole-
cell currents (+SEM) in response to 20 mM nicotine. In all cases, 27.5 ng total mRNA (10:1
a4:$2) were injected. Recordings were made 48 hr subsequent to injection, at pH 6.5.

Whether or not this advantage is germane to suppression experiments remains to be

tested.

2.4.4.2 Overexpression of elongation factors

Another strategy which may increase translation is to boost the level of proteins
associated with translation. One translation factor which is considered a promising
candidate for such up regulation is EF-l1a.” This elongation factor binds to

aminoacylated tRNA. There is some evidence suggesting that this binding stabilizes the



49

charged tRNA toward hydrolysis, which would be desirable.” In addition, it is the ternary
complex of EF-1a, GTP, and aminoacyl tRNA which binds to the A site of the ribosome
in translation.®"** The oocyte isoform of Xenopus EF-1a has been cloned, but repeated
requests for these constructs were ignored.”* Adult Xenopus EF-1c. was available, as the
control RNA in the Ambion mMagic mMessage kit routinely used in the laboratory to
produce mRNA in vitro, and was also obtained from Paul Krieg.”® The two isoforms are
quite similar, so experiments were carried out with the adult isoform.

In a typical experiment, mRNA coding for EF-1a was injected 24 hours prior to the
injection of oocytes with nAChR mRNA. Co-injection was also attempted, as well as
injection at a variety of intervals prior to nAChR mRNA injection. Both wild-type and
suppressed receptors were examined. In no case was a significant difference observed

relative to control oocytes.

2.4.5 Promoting folding, assembly, and transport to the plasma membrane

2.4.5.1 Use of epitope tags as a diagnostic

In addition to possible translational inefficiency, it may be that poor expression
results from compromised folding of suppressed subunits, assembly of subunits into
functional receptors, or transport of receptors to the plasma membrane. Whether folding
and assembly or trafficking is the primary problem may be addressed by biochemical
analysis. Synthesis of receptor subunits may be detected through Western blotting, a
technique which is treated in much greater depth in Chapter 3. In brief, a crude protein
isolate from oocytes expressing the desired receptor is prepared and subject to gel

electrophoresis. The proteins are thus separated by size. They may be transferred to
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nitrocellulose, which is probed by antibodies. The use of antibodies which specifically
recognize an antigenic determinant introduced in an epitope tag results in specific
labeling of the protein containing the epitope tag. This technique is of value here,
because membrane preparations from the plasma membrane of the cell may be compared
to those from the cytoplasm. If receptors are being synthesized but improperly trafficked,
this will be evident from staining of cellular membranes but not those from the plasma
membrane.

The HA epitope tag was introduced into the ha4 subunit, in two places, a region in
the M3-M4 loop previously determined not to affect expression of the muscle-type
receptor, and at the extreme C-terminus of the subunit. Whole-cell currents from these
two constructs were compared to those of oocytes expressing wild-type a432. While
current was almost completely eliminated in the C-terminal receptor, only a modest
diminution was observed for the M3-M4 HA tag. These results were corroborated by
Western blots, both with protein produced in vitro and from the plasma membrane of
oocytes expressing the two different constructs.

Whether or not the HA tag will prove to be a useful diagnostic in following
trafficking of suppressed receptors awaits introduction of the epitope tag into TAG-

containing subunits.

2.4.5.2 Co-expression of dominant-negative dynamin

The presence of receptors on the cell surface is the result of a dynamic equilibrium
between forward trafficking from the ER and removal from the membrane by
endocytosis. A dominant-negative dynamin mutant is available which greatly reduces

clathrin-mediated endocytosis.®*” In certain cases, disruption of dynamin activity in
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Xenopus oocytes has been reported to increase ion channel expression severalfold.*® In
experiments with o432, no increase was observed through co-injection with dominant-

negative dynamin, nor was suppression efficiency improved.

2.4.5.3 Overproduction of BiP

The folding of membrane proteins is thought to be assisted by a number of ER-
resident chaperones. Probably the best-characterized is BiP, a soluble protein present in
the ER lumen. This protein has been expressed in Xenopus oocytes by the laboratory of
Kathi Geering.” The construct was obtained from her laboratory, and experiments similar
to those reported above for EF-la were carried out. As with the elongation factor
experiments, co-expression of wild-type and W182-suppressed ha4p2 nAChR with BiP

appeared to have little effect.

2454 FAYENE insertion

A study on expressing potassium channels in oocytes has suggested that the sequence
FCYENE is a forward-trafficking signal for these channels, which increased expression
four- to fivefold in heterologous expression in Xenopus oocytes.”! The report also
suggested that transferring this sequence to other channels had a similar effect, and that
the sequence FAYENE was likewise effective. In order to avoid any complications
associated with introducing a cysteine residue, the sequence FAYENE was introduced
into ha4 in the same M3-M4 position which had proven successful for the introduction of
the HA epitope. Comparison of these modified receptors with wild-type ho4 revealed no

apparent benefit of this sequence on whole-cell expression levels.
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2.4.6 Alternative strategies for increasing expression

2.4.6.1 Chimeric receptors

An altogether different strategy for circumventing the expression problems of a42 is
the use of chimeric subunits. The increased expression of 5-HT;R relative to a7 nAChR
has been traced to its transmembrane regions.”” The discovery by Changeux that a
chimera between the extracellular domain of a7 and the TM domains of 5-HT;,R shows
the binding properties of the o/ AChR raises the possibility that binding-site studies
could be carried out on chimeric receptors.” The a4/5-HT; and B2/5-HT, chimeras have
been generated in the laboratory of Neil Millar and have been reported to assemble,
although no functional studies have yet been carried out.’'** Nonetheless, these constructs
were obtained and injected. A 1:1 mRNA ratio was initially employed, as the
stoichiometry of this chimera between a heteromeric and homomeric receptors is difficult
to predict. This initial experiment gave no observable whole-cell ACh current, nor did
any variation of the relative amounts of mRNA improve upon this result. It may be the
case that these chimeras are simply non-functional. No binding studies were undertaken,

as the ultimate purpose of the experiment was to obtain functional data.

2.4.6.2 Multiple injection

A conceptually simple and usually effective method for increasing expression in in
vivo nonsense suppression is to multiply inject oocytes, typically at 24-hour intervals. It
was this technique coupled with the use of the pAMV vector which gave the best

suppression results to date in a4p2 nAChR. (Figure 2.17)
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Figure 2.17 Individual traces from two-electrode voltage clamp of oocytes expressing ha4f2
suppressed with the indicated residue at position 182 of the a4 subunit. Oocytes were double-
injected (¢ = 0, and ¢ = 24 hr) with 25 ng total mRNA (1:1 a4:$2) and recorded from 48 hrs after
the initial injection. Currents are in response to 50 uM ACh, and red bars indicate the duration of
its application.

These whole-cell currents are of sufficient magnitude that dose-response curves could be
measured. Disappointingly, however, currents this large were unable to be obtained for
any fluorinated Trp residue, precluding the desired characterization of cation-w

interactions in neuronal nAChR.

2.4.7 Conventional mutagenesis experiments

A final experiment was undertaken to attempt to shed light on the differing modes of
nicotine and ACh binding between muscle and neuronal receptors. The affinity of the
muscle-type receptor for ACh is significantly greater than its affinity for nicotine, as
noted above. For all neuronal receptors tested, this affinity is reversed.”> In addition,
the muscle alpha subunit is alone among all discovered nAChR subunits in having an
arginine residue at the 55 position. Every other subunit contains a tryptophan at this
position. Even though our results above do not indicate a special relationship between
v55/857 and nicotine in the muscle receptor, the photoaffinity experiments of Cohen are

suggestive of such a relationship.” As a result, this residue was targeted for alteration by
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site-directed mutagenesis, and the relative potency of ACh and nicotine were tested on
the resulting mutants.

In the muscle receptor, an aRS5W mutation was made and in ha4, W88R. The
whole-cell currents in response to a variety of ACh and nicotine concentrations were
measured, in hopes of observing an alteration of the usual pattern of ACh and nicotine
potency. (Figure 2.18) The potency difference between ACh and nicotine at the muscle
receptor may be seen from the behavior of the wild-type receptor in response to three
concentrations of each agonist, 1 uM, 10 uM, and 100 uM. The aR55W mutant seems

to have diminished ACh affinity, but without a corresponding increase in that of nicotine.

ACh Nicotine ACh Nicotine
1.0 s e s e 1.0 4 s e
§ 08 - 5 08 -
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Figure 2.18 Conventional mutagenesis of the position homologous to a55 in muscle nAChR in
muscle (R55W) and ha4p2 (W88R). Whole-cell currents in response to 1, 10, and 100 uM ACh
and nicotine, as indicated, are shown after normalization to the response to 100 uM agonist. In
cases where multiple experiments were performed, SEM is indicated. Dotted line is a guide only,
not a fitting of the data. Left panel: Comparison of wild-type and aR55W muscle nAChR
response to ACh and nicotine. Right panel: Responses of wild-type and W88R ha4f32 to ACh
and nicotine.

The responses of wild-type ha4f2 to both ACh and nicotine were almost identical.
Likewise, the response of the mutant W88R receptors to both agonists is very similar.
For both, the apparent effectiveness has been decreased in the mutant receptor, but
without the predicted switch in potency. It is possible that detailed dose-response studies

of these mutants may reveal some interesting trends. This initial study utilized only three
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concentrations of agonist, and concentrations that lie in very different regions of the dose-
response curve for ACh and nicotine, both of which may mask small effects on potency.
However, no dramatic reversal of ACh and nicotine affinities was observed, suggesting
that the identity of this residue is not determinative of relative affinity for ACh and

nicotine.

2.4.8 Future directions

In order to precisely establish the role of cation-m interactions in agonist binding to
neuronal receptors, it is necessary to develop relatively robust methodology for
introducing unnatural amino acids. Thus far, the usual methodology applied successfully
to so many other receptors in this laboratory has failed to yield sufficiently large whole-
cell currents to obtain the necessary dose-response relations for a432 nAChR. Through
the use of the pAMV vector and multiple injections, useful currents can relatively
reproducibly be obtained for suppression of o182 with Trp. Attempts to extend to
fluorinated Trp derivative have thus far been unsuccessful. A number of directions could
be pursued to perhaps achieve this goal.

First, recent results from the work of Nivalda Rodrigues-Pinguet and Bruce Cohen in
the Lester laboratory suggest that a threefold increase in whole-cell current from a42-
expressing oocytes may be achieved by potentiation with 3 mM Ca**. Although careful
controls would be required to verify that this potentiation is not accompanied by any
alteration in agonist affinity, this may be a simple and useful means to obtain usable
currents via nonsense suppression. Second, there is reason to believe that the four-base
suppression methodology of Sisido ef al. may give greater suppression efficiency than

3

amber suppression.” Indeed, generation of the requisite constructs and tRNA’s with



56

four-base anticodons was planned and undertaken, but difficulties in preparing them
prevented this methodology from being tested. Third, there is the possibility that alpha7
nAChR, also thought to be an important pharmacological target for nicotine, may be
more amenable to nonsense suppression in oocytes. Hong Dang, in the Lester laboratory,
has made the TAG mutant homologous to Trp149 in the chimeric construct ra’7V201/r5-
HT;-AMV. However, somewhat contrary to expectation, this construct expressed very
poorly in his hands. In addition, we have the ‘WT’ version of this construct as well as
ra’7 and ca7, both in the pAMV vector. Because of our success with suppression in
homomeric 5-HT;, there is perhaps reason to be optimistic that suppression will work
equally well in a7. In addition, there is an interesting observation in the literature that
cocaine (a tertiary amine) is not an agonist of a7, while the quaternary cocaine
methiodide is a rather good agonist.”

In general, identification of the molecular details which account for the difference in
potency between nicotine and ACh for muscle and neuronal nAChR is an interesting
question. The conclusions from the fluorinated Trp study on the muscle receptor could
be augmented by studies on neuronal receptors that do not rely on nonsense suppression.
For instance, despite the similarity noted above in the muscle-type receptor’s response to
nicotine and the perpetually charged N-methyl-nicotinium analog, it may be the case that
neuronal receptors respond differently to these agonists. In addition to pharmacological
studies of this nature, there is the possibility that comparison of the sequence similarities
and differences among AChBP, muscle receptors, and neuronal nAChR may provide a

guide for future experimentation.
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2.5 Experimental methods

2.5.1 Electrophysiology

Stage VI oocytes of Xenopus laevis were harvested according to procedures approved
by the Institute. Recordings were made 24-72 hours post-injection in standard two-
electrode voltage clamp mode. Oocytes were perfused in calcium-free ND96 solution, as
previously reported.! Nicotinic agonists were either synthesized as described earlier (N-
methyl-nicotinium),* purchased from Sigma/Adrich/RBI ([-]-nicotine tartrate) or Acros
Organics (the tertiary ACh analog, 2-dimethyl aminoethyl acetate). Serotonin and its
analogs were purchased from Sigma/Adrich/RBI. All drugs were prepared in sterile ddi
water for dilution into calcium-free ND96. Dose-response data were obtained for a
minimum of eight concentrations of agonists for a minimum of three different cells.

Curves were fit to the Hill equation to determine ECsy and Hill coefficient.

2.5.2 Unnatural amino acid suppression in muscle nAChR and 5-HT;,R

Synthetic amino acids were conjugated to the dinucleotide dCA and ligated to
truncated 74 nt tRNA as described.” Deprotection of charged tRNA was carried out by
photolysis immediately prior to co-injection with mRNA, in the manner described."”
Typically, 25 ng tRNA were injected per oocyte along with mRNA in a total volume of
50 nL per cell. mRNA was prepared by in vitro runoff transcription using the Ambion
mMagic mMessage kit. Mutation to insert the amber stop codon at the site of interest
was carried out by standard means and was verified by sequencing through both strands.
For nAChR suppression, a total of 4.0 ng of mRNA was injected in the subunit ratio of

10:1:1:1 a:B:y:d. In many cases, non-o. subunits contained a L9’S mutation, as discussed
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below. Mouse muscle embryonic nAChR in the pAMYV vector was used, as reported
previously. For suppression in homomeric 5-HT3;R, 5 ng of mRNA were injected.
Experiments involving heteromeric 5-HT34 and 5-HT3g subunits employed a total of 4.0
ng of mRNA in the subunit ratio of 10:1A:B.”” Mouse 5-HT34R was used in all cases, in
the pAMYV vector. Negative and positive controls for suppression were performed in the
following way. As a negative control, truncated 74 nt tRNA or truncated tRNA ligated to
dCA were co-injected with mRNA in the same manner as fully charged tRNA. At the
positions studied here, no current was ever observed from these negative controls. The
positive control involved wild-type recovery by co-injection with 74 nt tRNA ligated to
dCA-Trp. In all cases, the dose-response was indistinguishable from injection of wild-

type mRNA alone.

2.5.3 Molecular biology of a4p2

In the course of attempting to introduce unnatural amino acids into o432 nAChR,
numerous constructs were made and obtained. They are listed in Table 2.6. All pSP
constructs were linearized with Asel and then transcribed using the mMagic mMessage
SP6 kit. pAMYV constructs relied upon Notl/T7, in the usual fashion. The pSGEM
constructs we made gave no expression at all. Additionally, testing the integrity of
individual subunits by co-injection with partners of known integrity (pSGEM-a4 +
pPAMV-p2 and pAMV-04 + pSGEM-f2) failed to result in expression. Sequencing of
the region of sub-cloning appeared normal. The Sfil-linearized pSGEM DNA gave the
appropriate UV spectrum. The mRNA produced by the T7 kit was analyzed by agarose

gel electrophoresis and appeared very similar in size to a4 and 2 transcribed from pSP
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and pAMYV constructs. Nonetheless, it is likely that these constructs were faulty in some
way. In all of the above experiments, mRNA amounts were not well controlled. The
quantities injected were estimated by comparing mRNA band intensity on agarose gels to
that of pSP-a4 and pSP-2 mRNA, and then diluting to give similar band intensities, but

this is a rather rough measure.

Construct Comments Source
pSP64-ha4 Jon Lindstrom
pSP64-has Jon Lindstrom
pSP64-hf32 Jon Lindstrom
pAMV-ho4 GSB/LIT
PAMV-hp2 GSB/LIT
pSP64-ha4/M3-M4HA contains HA epitope GSB/LIT
pSP64-ha4/CTHA contains HA epitope GSB/LIT
pSP64-ha4/W88TAG Trp55 homolog GSB/LIT
pSP64-had/W119TAG Trp86 homolog GSB/LIT
pSP64-had/W182TAG Trp149 homolog GSB/LIT
pSGEM-ho4 failed to express GSB/LIT
PSGEM-hf32 failed to express GSB/LJT

BiP Kathi Geering
EF-1a Paul Krieg
pSGEM Andreas Karschin
pBSTAII difficult to clone into Ligia Toro

pNKS difficult to clone into Gunther Schmalzing
pRKS5-ra4/m5-HT; Neil Millar
pRKS5-r32/m5-HT; Neil Millar

Table 2.6 List of constructs utilized in a4f32 suppression studies.

The BiP construct was linearized with BglII and transcribed using the SP6 kit.” With
regard to Xenopus oocyte EF-1a, Jane Frydenberg never responded to our e-mail request
for this clone. Andre Mazabraud and Herman Denis at CNRS, Gif-Sur-Yvette also failed
to reply. In the end, Paul Krieg at the University of Texas, sent us a plasmid containing

the adult form of Xenopus EF-10..”

The experiments performed with EF-1a, however,
utilized adult Xef1, which is included as a control plasmid in Ambion kits, because of its
robustness in in vitro translation. The linearized plasmid is included, and was transcribed

using the T7 kit. Neil Millar's a4/5-HT; and $2/5-HT; constructs were linearized with

Kpnl and transcribed using the SP6 kit.”
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Suppression in ho4 was attempted with Trp at positions 88, 119, and 182
(homologous to 55, 86, and 149 in muscle), despite the fact that the TAG mutants were
all in the pSP construct. Low, but perhaps usable expression was observed at 182. In
some experiments, mean currents of about 250 nA were observed, with individual
oocytes giving as much as 500 nA. The very mRNA mixes used in these experiments
had consistently given only 20 nA currents over a year previously. It may be that this
increase in suppression resulted from improvements that James Petersson made during
this time in the arc lamp setup. None of these experiments was rigorously controlled with
74mer, although whenever we did suppress with 74mer, we got no current at all. In
addition, a methodical study of subunit amounts and ratios was not carried out.

Since reasonable currents were being obtained with the ha4B2 mRNA mixes, an
attempt was made to introduce the 5-CN- and 5-Br-Trp pair at position 182. Both times
it was tried, no currents were observed. However, it was also the case that Trp
suppression on both days was giving much less than 50 nA whole-cell current. The
second time, all three amino acids (Trp, CN-W, and Br-W) were double-injected, but
these oocytes failed to express even WT nAChR. In general, there were oocyte problems
throughout the laboratory concurrent with these experiments.

Nicotine experiments were performed at pH 6.5, as were most ACh experiments. In
general, ACh in pH 6.5 Ca**-free ND96 gave the same current as it did at pH 7.5, which

is the normal pH of recording solution.

2.5.4 Introduction of the HA epitope into hod

The HA epitope was successfully introduced into pSP-a4, at a position in the M3-M4

loop [PPOQQPLEAE*KASPHP ] homologous to the traditional 347 position (see Chapter
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3) in muscle alpha, and also at the C-terminus immediately before the TAA codon
[WLAGMTI*]. By in vitro translation, both constructs gave intense staining at about 55
kDa in a Western blot with BAbCo anti-HA antibody, using the usual protocol.
Electrophysiologically, we saw absolutely no current with the C-terminal tag construct
and about 78% of WT current with the M3-M4 HA construct. mRNA levels were
reasonably consistent among the three constructs, but it would be unwise to rely too
much on these experiments for quantitative current comparisons, which were not our
intent in this study. Membranes manually dissected from the very oocytes used for the
electrophysiology showed absolutely no staining for the WT and C-terminal constructs
and very clear, intense staining at unusually large molecular weights (doublets at ~100
kDa and ~200 kDa) for the M3 construct. However, all of these experiments were done
only once each.

During the course of various experiments, we saw small but measurable currents
from an alpha subunit co-injected with non-coding mRNA (in one case, for instance, the
mRNA was run off from a2 construct where we had ordered a faulty primer and
inserted a frameshift in the second amino acid). This may be something to be careful of

in future experiments.

2.5.5 Planning for four-base codon suppression

The most successful reported four-base suppression in both E. coli and rabbit reticulocyte
extracts employed the codon CGGG.”™ 1In addition, AGGT was reported to work well in E. coli
extracts.” In Xenopus laevis, AGG is fairly common (12.3 occurrences per thousand), whereas
CGG is rather uncommonly used (6.0 per thousand).” In E. coli, these numbers are 1.7 for AGG

and 5.4 for CGG. Least common non-stop codons in Xenopus are UCG (3.9), ACG (4.6), GCG
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(4.7), and CCG (4.8). Comparable numbers for E. coli are UCG (8.6), ACG (13.8), GCG (31.8),
and CCG (22.0).” As a result, we chose to emulate the strategy of Sisido in employing AGGT,
but also in order to minimize competition with endogenous tRNA’s, we also chose a codon based
on the least-used coding triplet, UCG. The fourth base was somewhat arbitrarily made a G,
giving TCGG. The initial experiments were specifically intended to increase the suppression
efficiency of ha4-W182 relative to conventional amber suppression with TH73G-Trp. Thus, we
planned to prepare two mRNA'’s, namely ha4 W182 CGGG and ha4 W182 TCGG.

We also chose to utilize two different kinds of tRNA. One followed the strategy of Sisido,
and the other was derived from what is known to work for suppression in Xenopus
oocytes.””***! Sisido’s suppressor tRNA is based on yeast Phe, quite similar to our MN3. We
planned to use a version where nucleotide 73 has been changed to A, referred to as YF73G. In
addition, we designed a modified TH73G to recognize the above four-base codons. In total, we
planned to prepare five tRNA’s, YF73G CCCG, TH73G CCCG, YF73G CCGA, TH73G CCGA,
and YF73G CUA. Difficulties in preparing the above constructs prevented us from trying four-

base suppression, although it may be an interesting strategy for future attempts to suppress in

04f2 nAChR.
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