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Site-specific incorporation of biotinylated amino acids to identify
surface-exposed residues in integral membrane proteins
Justin P Gallivan', Henry A Lester? and Dennis A Dougherty'

Background: A key structural issue for all integral membrane proteins is the
exposure of individual residues to the intracellular or extracellular media. This
issue involves the basic transmembrane topology as well as more subtle
variations in surface accessibility. Direct methods to evaluate the degree of
exposure for residues in functional proteins expressed in living cells would be
highly valuable. We sought to develop a new experimental method to determine
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highly surface-exposed residues, and thus transmembrane topology, of

membrane proteins expressed in Xenopus oocytes.

Results: We have used the /n vivo nonsense suppression technique to

incorporate biotinylated unnatural amino acids into functional ion channels
expressed in Xenopus oocytes. Binding of '25|-streptavidin to biotinylated
receptors was used to determine the surface exposure of individual amino
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acids. In particular, we studied the main immunogenic region of the nicotinic

acetylcholine receptor. The biotin-containing amino acid biocytin was efficiently
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incorporated into five sites in the main immunogenic region and extracellular
streptavidin bound to one residue in particular, a70. The position of 70 as

highly exposed on the receptor surface was thus established.

Conclusions: The in vivo nonsense suppression technique has been extended
to provide the first in a potential series of methods to identify exposed residues
and to assess their relative exposure in functional proteins expressed in

Xenopus oocytes.

Introduction

Determining the transmembrane topology of integral mem-
brane proteins such as ion channels and neurotransmitter
transporters 1s a necessary first step in cvaluating their
structure and function at the molecular level [1]. After the
topology has been established, a more demanding ques-
tion is the relative exposure of individual residues to the
intracellular or extracellular media. Knowledge of trans-
membrane topology and exposure allows one to identify
regions of a protein that may become glycosylated or form
binding sites for external ligands, to identify intracellular
regions that may be subject to phosphorylation, to assign
potential binding sites for other intracellular secondary
messengers (such as G proteins), and to make predictions
regarding the overall structure and function of an integral
membrane protein.

"I'he present study addresses the ‘higher resolution’ issue of
surface exposure. We wished to determine which residues
are clearly on the ‘outside’ surface of a receptor. Of course,
it a residuc i1s determined to be exposed then the topology
question 1s answered. Residue accessibility 1s clearly a
related measure of protein structure, but, as discussed
below, 1t addresses a somewhat different issue. Here, we
consider a relatively well-understood membrane protein,

the nicotinic acetvicholine receptor (nAChR). There is gen-
cral agreement concerning the overall topology of chis
receptor, although final proof will require high-resolution
structural data. Each subunit is thought to have a large,
extracellular amino-terminal domain, followed by four trans-
membrane regions and a necessarily extracellular carboxyl
terminus (Figure la). Little is known about the relative
exposures of residues throughout the receptor, however.,

Many other membrane channels, transporters, and recep-
tors have less well-understood topologies. The first step
(and, unfortunately, often the last step) in determining the
topology 1s the gencration of a hydropathy plot based on
the protein sequence. Although hvdropathy plots are use-
ful in suggesting a possible topology for a membrane
protein, they arc by no means an effective substitute for
experimental evidence. For instance, the primary amino-
acid sequence for the ionotropic glutamate receptor was
first detcrmined in 1989 and led to a topological model
analogous to that for the nicotinic receptor — four trans-
membrane domains and extracellularly located amino and
carboxyl termini [2]. Subscquent work showed that the
putative sccond transmembrane domain is likely to form a
recntrant loop, so that the amino and carboxyl termini are
on the opposite sides of the membrane (Figure 1b) [3.4].
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Figure 1
The topology of the nicotinic acetylcholine
(a) (b) receptor (NAChR) and glutamate receptor
NH, NH, (GIuR3). () The generally accepted topology
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of each subunit of the nAChR. This is also the
original topology model (1989-1995)
proposed for GIuR3 [2]. (b) The revised
topology for the glutamate receptor [3,4].
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Such a drastic change certainly alters one’s view of the
structure and mode of action of the receptor. Ocher recent
experiments on a variety of 1on channels and transporters,
including the potassium channel ROMKI1 [5], the GABA
transporter GAT-1 [6], the glycine transporter GLLY'T'T [7],
and the Na*/glucose co-transporter SGL'I'T [8], have sug-
gested inconsistencies in the transmembrane topologies
predicted from hydropathy analysis.

These studies underscore the importance of having defini-
tive experimental approaches to determine the transmem-
brane topology of membrane proteins. Although several
methods are available, a new approach would be welcome
if it could overcome some of the inherent weaknesses of
the existing methods.

Approaches for determining topology/accessibility

A wide variety of techniques have been developed to
address the topology issue [1]. Below, we briefly describe
some of the higher precision approaches that target specific
regions of integral membrane proteins.

Endogenous glycosylation sites and N-glycosylation scanning
mutagenesis

One of the most common methods for determining trans-
membrane topology is to assay a particular region of a
protein for endogenous N-linked glycosylation. Because
N-linked glycosylation occurs on the luminal side of the
endoplasmic reticulum, with few exceptions [9] only
regions destined to become extracellular are glycosylated.
Thus, identifying a site that is glycosylated in the wild-type
protein is good evidence that it is located extracellularly.
Expanding upon this tactic, one can engineer N-linked
glycosylation sites into transmembrane proteins to deter-
minc topology. This approach has been used recently to
assay the transmembrane topologics of many ion channels
and transporters, including GA'T1 [6], GLYT1 [7], CFTR

[10], and SGLT1 [8]. In all these studies, the functional
competence of the glycosylated mutants was often quite
poor compared with that of the wild-type protein and in
many cases the modified proteins did not function at all.
"T'his is of particular concern because the introduction of a
non-native glycosylation site may alter topology [4]. If a
particular protein is found to be glycosylated in the experi-
ment but does not function, it is often difficult to determine
whether the protein fails to function because glycosyla-
tion interferes with the normal function of the protein or
because glycosylation has caused the protein to fold with
an altered topology.

Cysteine accessibility/substituted-cysteine accessibility

Another common method for determining transmembrane
topology is the introduction of c¢ysteine residues into the
protein of interest, followed by labeling with thiol-reactive
reagents. If the reagent is membrane-impermeant, topol-
ogy can be evaluated by comparing the results of intracel-
lular versus extracellular application [11,12]. For example,
cysteines have been modified with biotin-containing
rcagents, and the reaction detected by streptavidin
binding [13,14]. The cysteine modification approach has
an advantage over glycosylation methods in that a single
cysteine mutant is often less perturbing to the overall
protein structure than the introduction of a glycosylation
site. The method has been generalized bv Karlin and
coworkers [15,16] to the substituted-cysteine accessibility
method (SCAM), allowing the ‘accessibility’ of specific
residues to be probed with relatively small thiol-reactive
reagents. Note that such accessibility is quite different
from ‘exposure’ as used here. SCAM has labeled residues
that nominally lie in a transmembrane region, but which
are nonetheless accessible because they lie along an ion
channel or within an agonist-binding site. Potenual disad-
vantages of these methods arise from the contributions of
endogenous cysteine residues that may also be labeled in
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the assay. In addition, the introduction of new cysteines
mav lcad to improper disulfide bond formartion and incor-
rectly folded proteins. A possible solution to these prob-
lems is to mutate all the endogenous cysteines to another
amino acid and then to introduce a unique cysteine. "This
has been successful in some proteins, but there are cer-
tainly cases where removal of all the endogenous cysteines
will render the protein nonfunctional. Furthermore, for an
i wivo assay, there may be complications arising from
reactive cysteines found in endogenous cellular proteins
that cannot be mutated away,

Epitope protection

In this tvpe of assay, a fusion is crcated berween the
protein of interest and a well-defined epitope that is
rccognised by a specific antibody [4,17,18]. The fusion
proteins are synthesized 77 virro in the presence of micro-
somal vesicles so that the expressed protein is inserted
into the membrane. Digestion of the translation mixture
with proteases cleaves extramicrosomal (cvtoplasmic)
regions, destroving the epitope if it is displayed in this
region. If the epitope is located inside the vesicle, it is
protected from protease digestion and can be immuno-
precipitated or detected in a western immunoblot. There
are scveral concerns raised by this assay, however. The
assay 1s performed in a cell-free system and the topology
may not, therefore, be identical to that in an intact cell
[18]. T'he epitope introduced is often quite large (the pro-
factin epitope is 195 amino acids) and consequently must
often be introduced as a carboxy-terminal fusion to a
truncated and often non-functional protein [4]. Finally,
there is alwavs a concern that the introduction of a large
epitope may cause the protein of interest to told improp-
erly. T'his potential problem, coupled with the fact that
the proteins often cannot be assayed for function, makes
the assay less attractive.

Tyrosine iodination

Very recently, Hucho and coworkers [19] used '#1 label-
ing to probe surface exposure of tvrosine residues of the
nicotinic receptor harvested from Torpedo californica. 'This
method has some attractive features, but, because all
exposed tvrosines are labeled simultancously, one must
sequence the labeled protein to determine exposure.
"T'his is not feasible with proteins for which there is not a
plentiful natural source.

The biocytin approach

To address the potential shortcomings of the methods
available at present, we sought to develop a new experi-
mental approach to discover surface-cxposed residues.
Our design goals were as follows: to determine the surface
exposureftopology of a protein iz vive; to assay functional
proteins with wild-type behavior; to introduce a single,
minimally perturbing mutation; to use a marker that is
endogenous neither to the protein of interest nor to other

cell-surface proteins; to deteet the marker using robust
and readily available methods; and to produce a graded
scries of reagents that allows conclusions about relative
exposures. As a first step, we have combined two com-
monly used assav components: the biotin—strepravidin
interaction and the /7 w/oo nonsense suppression method.

Biotin is a small molecule that binds with high affinity
(K, ~10-13 NI to streptavidin, a 60 kDa tetrameric protein.
Biotin can be readily functionalized at its carboxyl termi-
nus while retaining its ability to bind tighty to strept-
avidin, rendering it an ideal probe [20-22]. Biotinvlated
amino acids have previously been incorporated into pro-
teins /# vire by supplementing the translation mixture
with full-length lysyl-tRNA functionalized with biotin
derivatives at the g-amino group of lysine, thus lcading to
random incorporation of biotinvlated amino acids at
various lysine sites in the protein [23]. Although this sug-
gested that biosynthetic incorporation of biotinvlated
amino acids was possible, the remaining challenge was to
introduce the biotin label site-specitically in the protein of
interest in a living cell. "To accomplish this we employed
the nonsense suppression method for incorporation of
unnatural amino acids into proteins [24-27], as adapted in
our laboratories for the /2 oo heterologous expression
svstem of the Xewopus oocvee [28-33].

[n the /7 vivo nonsense suppression method, the oocyre is
co-injected with two mutated RNA species: mRNA svn-
thesized iz vitro from a mutant ¢cDNA clone containing a
stop codon (I'AG) at the amino acid position of interest,
and a suppressor tRNA that contains the complementary
anti-codon scquence (CUA) and has the desired unnat-
ural amino acid chemically acvlated to the 3 end. During
translation by the oocvte’s synthetic machinery, the un-
natural amino acid is specifically incorporated at the posi-
tion in the protein encoded by the mRNA. Recent
studies 1 our faboratories have shown chat this method is
broadly applicable, being compatible with many different
proteins, a large number of sites in a given protein, and a
wide range of amino acids.

As a test amino acid we chose biocvtin (IFigure 2), a natu-
rally occurring (but not translationally incorporated) biotiny-
lated amino acid. Bioeytin’s relatively small size, similarity
to the natural amino acid lvsine, and commercial availabil-
ity made it partcularly attractive. To test the bioevtin
method, we chose the prototype ligand-gated ion channel,
the nAChR, a 290 kDa pentameric ion channel found at
the neuromuscular junction (INigure 3) [34-38]. In particu-
lar, we chose to evaluate the main immunogenic region
(MIR) of the o subunit. The MIR is composed of ten
residues in the amino-terminal region of the o subunit
(residues 67-76; a67-76) and binds many antibodics,
including those associated with myasthenia gravis, a human
autoimmune discase [39-41]. Furthermore. this region has
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The structure of biocytin, a naturally occurring (but not translationally
incorporated) amino acid.

been shown by clectron microscopy to be located near the
synaptic end of the nAChR [42]. Because it is known to be
topologically extracellular and accessible as a unit to large
proteins, the MIR appeared to be an ideal location to test
the biocytin methodology for evaluating the surface expo-
sure of individual residucs. Given the ught fit between
biotin and streptavidin, we anticipated that only the most
highly exposed positions of the MIR would form strong
biocytin/streptavidin complexes.

Results and discussion

We first mutated the codons for cach of the ten residucs of
the MIR of the nAChR from mouse muscle (067-76; sce
Table 1 for sequence) to the stop codon 'TAG. We then co-
injected Xenopus oocytes with a mixture of mutant mRNA
(1.2 ng total/oocyte; 4:1:1:1 o:B:v:6 subunit stoichiometry)
containing the TAG codon at a single position in the o
subunit and an aminoacyl-tRNA (25 ng/oocyte) charged
with the amino acid of interest. After 36-48 h, oocytes were
assayed electrophysiologically for their response to 200 pM
acetylcholine (ACh) by the two-electrode voltage-clamp
technique [43]. The results from a successful biocytin
incorporation are shown in Figure 4. In this experiment,
biocytin incorporation was successful at both positions 070
and o76. Suppression with a natural amino acid (76, tyro-
sine) and experiments using uncharged tRNA (tRNA-
dCA) [28,29] were performed as controls, Clearly, the
biotinylated mutants functioned at levels comparable to
those for mutants suppressed with a natural amino acid. In
addition, the very small currents arising from the dCA
control (uncharged tRNA) demonstrate that the currents
observed in the biocytin cxperiments arisc solely from
receptors containing the biotinylated amino acid.

At five of the ten positions in the MIR (068, o70, o71,
075 and a76), biocytin was incorporated cfficiently into
functional receptors with whole-cell currents ranging from
several hundred to several thousand nA (Table 1). At the
other five positions (067, 069, 072, o73 and o74) whole-
cell currents were generally < 200 nA. In cach experiment,

Figure 3
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A schematic representation of the nAChR showing five homologous
subunits in a roughly pentagonal array. Overall dimensions are taken
from Unwin [38], but the arrangement of subunits is that advocated by
a number of other workers [31,34,53]. The red bar on one of the

o subunits denotes the approximate location of a main immunogenic
region (MIR) [42].

the a70 biocytin mutant was expressed as a positive
control so that whole-cell currents, which often vary sub-
stantially between oocyte batches, could be compared to
an internal standard. A summary of these experiments is
shown in Figure 5. Again, uncharged tRNA was tested at
all the sites as a control. In all cases the current evoked
from 200 uM ACh was less than 20% of that obtained in

Table 1

Sequence analysis of the MIR from 34 nAChR o subunits in the
SWISS-PROT database.

Conservation ACh response with

Position in & subunits (%) biocytin incorporation
Trp67* 97 -
Asn68 56 +
Pro69 79 -
Asp70 26 +
Asp71 53 +
Tyr72* 91 -
Gly73 47 _
Gly74* 82 -
Val75 62 +
Lys76 44 +

*Positions that have > 70% conservation across all nicotinic subunits
(i.e. not solely o. subunits). ACh, acetylcholine.
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Average whole-cell currents in response to 200 uM acetylcholine
(ACh) for oocytes injected with nAChR 070 TAG or 076

TAG ~ 4:1:1:1, 1.2 ng — and uncharged tRNA, or tRNA charged with
biocytin (Bio) or tyrosine (Tyr). The two bars for the 070 biocytin are
the averages of the currents for the five lowest expressing oocytes
(low) and the five highest expressing oocytes (hi). Error bars
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Whole-cell currents in response to 200 uM ACh from attempted
biocytin suppression experiments at each of the ten positions of the
MIR of the nAChR. Results are normalized to the whole-cell current of
070 biocytin expressed in the same experiment. Bars represent the
mean of two experiments, each with five oocytes.

the suppression experiment, and in nine out of ten cases it
wus < 5% (data not shown).

The clectrophysiology experiments clearly established the
presence of functional, biocytin-containing ACh receptors
on the oocvte surface for five of the ten positions in the
MIR. Sequence conservation analysis of 34 nAChR o sub-
units shows that biocytin produced functional reeeptors at
five of the six least conserved positons in the MIR
('I'able 1). The fact that biocytin did not express well at the
sixth position (aGly73) may arise because a glycine (side-
chain molecular weight = 1) to biocytin (sidechain molecu-
lar weight = 298) mutation may epitomize the phrase ‘non-
conservative mutation’. Furthermore, the four most highly
conscrved residues, three of which are conserved by > 70%
across all nicotinic subunits, are the positions at which bio-
cvtin did not express. Because these four residues are
highly conserved, they mav be crucial for the structure or
function of the receptor and even non-conservative con-
ventional mutations mav not be tolerated. We believe that
the low currents observed for attempted bioevtin incorpora-
tion at these positions indicate that the relatively large
sidechain of biocvtin is not tolerated at these positions.

With electrophvsiological evidence for functional biotinyl-
ated receptors, we turned our attention to the binding
of streptavidin in order to assay the surface exposure of
particular sidechains. To assay for streptavidin binding,
batches of five oocytes, the whole-cell currents of which had
previously been determined, were incubated in a solution

of 300 pM '#l-strepravidin for 2 h and then washed exten-
sively (see Marterials and methods section). Individual
oocvtes were measured in a v counter. Of che five mutants
that showed large whole-cell currents, only onc (670 bio-
cytin) showed streptavidin binding above background
levels. In addition, no streptavidin binding was observed
with any of the five mutants that did not give large whole-
cell currents or with cells expressing non-biotinylated
nAChRs. The results of a typical experiment are shown in
Figure 6.

In the case of 070 biocvtin, the mutant that showed strept-
avidin binding, we also evaluated the binding of 1#]-labeled
o-bungarotoxin

a snake toxin that is highly specific for
the nAChR. We found that the amounts of streptavidin
and o-bungarotoxin bound to o70 biocvtin were similar,
suggesting that all nAChRs were completely labeled by
both o-bungarotoxin and strepravidin (data not shown).
T'his also provides concrete biochemical cvidence to
support the clectrophvsiological evidence that the w7 o
suppression method produces full-length protein incorpo-
rating onlv the desired amino acid. If this were nort the
case (i.e. if some nAChR was produced with a natural
amino acid incorporated at the suppression site as a result
of read through of the stop codon or reacvlation of the
tRNA), we would have expected the amount of a-bungaro-
toxin binding to exceed the amount of streptavidin binding.

To explore whether the streptavidin-binding sites and
a-bungarotoxin-binding sites overlap, we incubated oocytes
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125]-Streptavidin binding to cocytes injected with nAChR 70 TAG or
076 TAG and uncharged tRNA (dCA) or tRNA charged with biocytin
(Bio) or tyrosine (Tyr). The oocytes used in this experiment are identical
to those whose whole-cell currents are shown in Figure 4,
demonstrating that binding of streptavidin correlates with whole-cell
current. The a78Tyr mutation establishes that streptavidin does not
bind to non-biotinylated nAChRs. Detector background has been
subtracted in all cases. Error bars are + s.e.m. (n=5).

expressing nAChR 70 biocytin with unlabeled streptavi-
din. We then applied 1#1-o-bungarotoxin to these oocytes
to determine if it could still bind. We also performed the
reverse experiment, incubating oocytes expressing nAChR
70 biocytin with unlabeled o-bungarotoxin and attempt-
ing to bind '#l-streptavidin. The results of these experi-
ments are shown in Figure 7. These results clearly dem-
onstrate that binding of a-bungarotoxin does not strongly
inhibit binding of streptavidin to the a70 biocytin mutant
and wvice versa. This 1s consistent with previous studies,
which demonstrated that both o-bungarotoxin and antibod-
ies against the MIR are capable of binding simultaneously
to the intact receptor [44].

Finally, we have measured the EC,, value (the dose at
which 50% activation is seen) for ACh for the 70 biocytin
mutant both before binding streptavidin (EC;, ~39 uM)
and after binding (EC,, ~34 uM). These values are not
significantly different from one another, nor are they
significantly different from the EC,, value of the wild-
type receptor (49 uM). Ac first it may seem surprising that
the binding of a large protein to the receptor would not
alter its pharmacological behavior, but previous studies
have shown that antibodies binding to the MIR do not
substantially alter the physiology of the receptor [45].

To gain a clearer physical picture of the above results, we
have considered them in light of a previously published
structural model. Tsikaris ¢7 @/. [46] used nuclear magnetic

Whole-cell binding of 128-streptavidin and '25|--bungarotoxin to AChR
«70 biocytin mutants. Bix*, binding '2%l-a-bungarotoxin to untreated
oocytes; Stp + Btx*, binding '25]-a-bungarotoxin to oocytes pretreated
with streptavidin; Stp*, binding '25)-streptavidin to untreated oocytes;
Btx + Stp*, binding ?5I-streptavidin to oocytes pretreated with
o-bungarotoxin. Within the error bars shown, the data demonstrate
that '25]-a-bungarotoxin and 125|-streptavidin do not interfere with one
another in binding to the o.70 biocytin NAChR. Binding is expressed as
counts per minute per LA of whole-cell current, to account for different
expression levels between groups of oocytes. Counts have been
normalized to account for the differences in specific activity between the
125]-streptavidin and ?5l-o-bungarotoxin. Error bars are * s.e.m. (n =5).

resonance (NMR) spectroscopy to determine the structure
of a ten residue peptide corresponding to the sequence of
the MIR from the o subunit of the Torpedo californica
nAChR. This sequence differs from that of the mouse
muscle MIR studied here at two sites — Ala70 and Ile75.
Starting with the coordinates for the 7orpedo MIR taken
from the Protein Data Bank [47,48], we altercd the
sidechain identities of these two residues to the corre-
sponding mouse muscle residues (aspartate and valine,
respectively) using standard geometries. The resulting
structure is shown in Figure 8. The structure leads natu-
rally to a rationalization of our results. The MIR peptide
clearly has two sides — one that can tolerate biocytin and
one that cannot. Biocytin is larger than any of the 20
natural amino acids, so perhaps it will produce functional
receptors only if there is a pre-existing (or casily created)
open space for its larger sidechain. We suggest that the
‘blue’ side has this open space, and so presumably faces
away from the bulk of the protein. In contrast, the ‘purple’
side cannot tolerate biocytin and so apparently the side-
chains on this face project down into the rest of the protein.

The selectivity of the biocytin method is shown by the
result that biocytin was incorporated at five sites without
loss of channel function and yet only one of these sites was
competent to bind streptavidin under the conditions of
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Figure 8

A schematic of the structure of the Torpedo
MIR protein with modifications Ala70—Asp
and lle75->Val. Purple, sites at which biocytin
incorporation was unsuccessful (067, 069,
72, 073 and «74); biue, sites that
incorporated biocytin, but did not bind
streptavidin (068, .71, 075 and «76); red,
the sole streptavidin-binding site (70). The
right-hand view is derived from the left-hand
view by a 180° rotation around a vertical axis.

Chemistry & Biology

these experiments. The crystal structure of the biotin—
streptavidin complex reveals that the ligand is buried fairly
deeply in the protein, with even the terminal carboxvlate
not fully exposed [49]. Only residues that position the bio-
cvtin in an unencumbered environment will therefore lead
to streptavidin binding. As shown in Figure 8, the Asp70
sidechain points ‘up’ and thercfore away from, for
example, the Trp67 or Tyr72 sidechains that are postu-
lated to project down into the receptor. The other biotin-
incorporating sidechains project approximately normal to
the Asp70 sidechain. Apparently, these sites (068, 071,
075, and &76) point to a space that is large enough for bio-
cvtin but not for strepravidin. There is precedent for
binding intcractions significantly weaker then 10713 M-!
for substituted biotins {50], so perhaps higher streptavidin
concentrations would have allowed detectable binding at
the biotin-incorporating sites. Such studies were not feasi-
ble, however, due to non-specific binding of strepravidin
to the oocytes at higher concentrations.

In summary, our results suggest a particular orientation for
the MIR of the nAChR. Residue a70 points directly out
and away from the receptor. The sidechains emanating
from residues o67, 069, and 72 (073 and a74 are glycines
with effectively no sidechain) project down into the
protein. The remaining residues, 068, o71, 075, and a76,
project into open space, but perhaps towards some other
structural feature of the receptor that prevents streptavidin
binding. This analysis implies that a tether longer than is
present in bioevtin might allow streptavidin binding at the
biotin-incorporating  sites. We therefore prepared two
longer chain analogs of biocytin, A and B (Figure 9). Unfor-
tunately, we were not able to incorporate the longest
analog, B, into functional receptors. We could incorporate
biocvtin-analog A at position 070 at levels that were readily
detectable by electrophysiology (500-1000 nA). This is a
remarkably ‘unnatural’ amino acid, suggesting considerable

flexibility in the ribosomal machinery. The amount of
expression achieved was not sufficient for the less sensitive
streptavidin assay, however, and we were not, therefore,
able to make usc of the longer chain analog,.

We conclude that the method of site-specific biocytin
incorporation  with streptavidin - detection  provides a
potentally general wayv to identify highly surface-exposed
residues in complex, intecgral membrane proteins. It thus
provides information that goes bevond the ‘simpler’ ques-
tion of transmembrane topology. We look forward to
applving this approach to other channels, receptors, and
transporters. Our data also show that biocvtin derivatives
with longer tethers do not express well, so the biocytin
method alone cannot be simply generalized to a wide
range of exposures. Alternative strategies can be envi-
sioned, perhaps involving incorporation of unnatural
residues which are rather small but which have specific
reactivities allowing attachment of biotin moietics with
longer chains.

Significance

Direct methods for determining the degree of exposure
of individual residues in functional membrane proteins
expressed in living cells would vield significant insight
into membrane protein structure. Evaluation of the
exposure also vields information about the transmem-
brane topology and more subtle variations in the intra-
cellular and extracellular surface accessibility. The in
vivo nonsense suppression method for the incorporation
of unnatural amino acids into proteins is a powerful
tool for obtaining atomic-scale information about func-
tional proteins expressed in Xenopus oocytes. We have
extended the method to allow incorporation of a biotinyl-
ated amino acid site-specifically within the main immuno-
genic region (MIR) of the nicotinic acetylcholine receptor
(nAChR), the prototypical ligand-gated ion channel.
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Figure 9

HN” > COOH A

HoN COOH B

Chemistry & Biology

Two longer chain analogs of biocytin, A and B, that were used in an
attempt to assess streptavidin binding.

Using '%1-labeled streptavidin as a probe, we have been
able to identify an amino acid in the MIR that is highly
exposed on the surface of the nAChR. We believe that
this method represents an improvement over previous
approaches for determining surface exposure and trans-
membrane topology for a number of reasons: the method
does not require purified protein; it uses a minimally per-
turbing point mutation; it uses a marker that is not
endogenous to either the protein of interest or to other
cell-surface proteins; it allows detection by a commer-
cially available assay; and it determines the topology and
surface exposure in a functional, characterizable protein
expressed in vivo. Thus, we consider the method to be
a potentially general one for determining the surface
exposure of specific residues of transmembrane proteins
expressed in vive. In a broader sense, these results dem-
onstrate the power of the in vive nonsense suppression
method for applying the tools of organic chemistry to
the problems of molecular neuroscience.

Materials and methods

Reagents were purchased from Aldrich unless otherwise noted.
(3-[1251]-iodotyrosyl54)a-bungarotoxin (2000 mCi/mmol) and ['29]]-strep-
tavidin (30 mCi/mg) were purchased from Amersham. Anhydrous THF
was distilled from Na/benzophenone; anhydrous DMF was obtained
from Aldrich. All chemical syntheses were performed under a positive
pressure of argon unless noted otherwise. NMR spectra were recorded
on a General Electric QE300 (300 MHz 'H, 75 MHz 13C), JEOL Delta
400 (100 MHz, 13C), or a Bruker AM-500 (500 MHz H, 125 MHz '3C)
spectrometer and are referenced to residual solvent protons. Mass
spectrometry (FAB) was performed by the mass spectrometry facilities
at the University of California, Riverside, USA or at Caltech, CA, USA.
Ultra-violet/visible (UV/vis) spectra were recorded on a Beckman Instru-
ments DU-640 continuous-wave spectrometer. High performance liquid
chromatography (HPLC) separations were performed on a Waters dual
510 pump liquid chromatograph system equipped with either a Waters
490E variable wavelength UV detector or a Waters 960 photo diode
array detector. Analytical HPLC samples were separated using a Waters

NovaPak C18 column (3.9 x 150 mm); semi-preparative samples were
separated using a Whatman Magnum 9 column (9.4 x 500 mm, Partisil
10, ODS-3). Oligonucleotides for mutagenesis were synthesized by the
Biopolymer Synthesis Facility at Caltech. Polymerase chain reactions
(PCR) wete performed using a Perkin-Elmer TC-1 DNA Thermal Cycler.
Automated sequencing of PCR products was performed by the DNA
Sequencing Core Facility at Caltech. Ligation of aminoacyl-dCA to
tRNA-THG73(-CA) was performed as described previously [29].

NVOC-biocytin cyanomethyl ester

Biocytin (50 mg, 0.13 mmol, Molecular Probes) and sodium carbonate
(28 mg, 0.27 mmol) were dissolved with stirring in water (7.5 ml) and
freshly distiled THF (5 ml). A solution of 6-nitroveratryloxycarbonyl
chloride (NVOC-CI) (37 mg, 0.13 mmol) in 5 m! THF was added drop-
wise [30,51]. After 3 h, solvents were removed in vacuo and the
remaining residue was dissolved in dry DMF (1.5 ml) and chloroaceto-
nitrile (1.5 ml). Triethylamine (400 ul) was added and the mixture was
stirred overnight. Volatiles were removed in vacuo and the remaining
solid was purified by flash chromatography (silica gel, CH,Cl, + MeOH
1-10%) to give 67 mg of NVOC-biocytin cyanomethy! ester as a pale
yellow solid (77% vyield for 2 steps): 'H NMR (500 MHz, DMSO-d,)
88.10 (d-br, /= 6.8 Hz, 1H), 7.74 (t-br, / =5.0 Hz, 1H), 7.70 (s, 1H),
7.18 (s, 1H), 6.39 (s, 1H), 6.33 (s, 1H), 5.38 (AB, J = 15.0 Hz, 1H),
5.34 (AB, /= 15.0 Hz, 1H), 5.01 (s, 2H}, 4.27 (m, 1H), 4.11 {m, 1H),
3.92 (s, 3H), 3.86 (s, 3H), 3.13 (m, 1H), 3.04 (m, 1H), 2.99 (m, 2H),
2.80 (dd, /=10 Hg, 5.5 Hz, 1H), 2.57-2.46 (m, 3H), 2.083 {t, 2H}, 1.70-
1.15 (m, 10H); '3C NMR (75 MHz, DMSO-d,) 6 172.0, 171.6, 162.8,
155.8, 153.5, 147.8, 139.2, 127.8, 115.8, 110.3, 108.2, 62.8, 61.1,
59.3, 56.3, 56.1, 55.5, 53.6, 49.5, 39.9, 38.1, 35.3, 30.2, 28.7, 28.3,
28.1,25.4,228.

a-NVOC-¢-(6-(biotinoyl)amino)hexanoyl-L-lysine (NVOC-A)

A solution of a-NVOC-lysine (42 mg, 0.11 mmol, 1.0 equivalent, pre-
pared in two steps from e-Boc-lysine and NVOC-CI, followed by
removal of the Boc-group with TFA), 6-((biotinoyl)amino)caproic acid
N-hydroxysuccinimide ester (50 mg, 0.11 mmol, 1.0 equivalent, Mol-
ecular Probes) and Na,CO, (47 mg, 0.44 mmol, 4.0 equivalent) was
stirred in dry DMF (5 ml) under argon. After 3 days, the mixture had
become gel-like and a solution of TN NaHSO, (50 ml) was added, fol-
lowed by CH,Cl, (50 ml). The mixture was stirred and a pale yellow
precipitate formed. The solid was filtered, washed with CH,Cl,, water,
acetone, and dried to give 42 mg of a pale yellow solid (563% yield): "H
NMR (500 MHz, DMSO-dy) & 7.74 (d-br, /= 8 Hz, 1H), 7.66 (m, 2H),
7.64 (s, 1H), 7.12 (s, 1H), 6.39 (s, 1H), 6.33 (s, 1H), 5.33 (4B,
J=15.1Hz, 1H}, 5.25 (AB, /= 15.1 Hz, 1H), 4.23 (t, /= 5.5 Hz, 1H),
4.06 (m, 1H), 3.85 (s, 3H), 3.80 (s, 3H), 3.02 (m, 1H), 2.93 (m, 4 H),
2.82 (s, 1H), 2.76 (m, 1H), 2.73 (s, 1H), 2.50 (d, J = 12.4 Hz, 1H),
1.94 (m, 4H), 1.63 (m, 1H), 1.52 (m, 2H), 1.37 (m, 4H), 1.28 (m, 8H),
1.15 (m, 2H); '3C NMR (100 MHz, DMSQ-dy) § 173.8, 171.9, 171.8,
162.7, 155.8, 153.5, 147.6, 139.0, 138.1, 128.2, 110.0, 108.1, 62.4,
61.0, 59.2, 56.2, 56.1, 55.4, 53.8, 38.3, 38.1, 35.4, 35.2, 304, 28.9,
28.7, 28.2, 28.0, 26.1, 25.3, 25.0, 23.0.

a-NVOC-e-(6-(biotinoyl)amino)hexanoyl-L-lysine cyanomethy!
ester

To a solution of o-NVOC-£-(6-(biotinoyl)amino)hexanoyl-L-lysine (40 mg,
0.055 mmol, 1.0 equivalent) in 2 m! dry DMF was added triethylamine
(24 pl, 0.165 mmol, 3.0 equivalents) and chloroacetonitrile (2 mi). After
stirring for 9 h under argon, volatiles were removed in vacuo and the
remaining solid was partitioned between water and CH,Cl,. A pale
yellow solid remained and was combined with the organic fraction,
concentrated and dried in vacuo to afford the cyanomethyl ester as a
pale yellow solid (20 mg, 47%): 'H NMR (500 MHz, DMSO-d) 3 8.07
(d, J= 7.5 Hz, 1H), 7.70 (m, 2H), 7.18 (s, 1H), 6.39 (s, 1H), 6.33 (s,
1H), 5.38 (AB, J=14.8 Hz, 1H), 6.34 (AB, /=148 Hz, 1H), 5.01 (s,
2H), 4.29 (t, /= 5.6 Hz, 1H), 4.12 (m, 2H), 3.92 (s, 3H), 3.86 (s, 3H),
3.08 (m, 1H), 2.97 {m, 4H), 2.80 (s, 1H), 2.567-2.49 (m, 2H), 2.01 (m,
4H), 1.63 (m, 1H), 1.43 (m, 4H), 1.34 (m, 8H), 1.17 (m, 2H).
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o-NVOC-¢-(6-((6-((biotinoylJamino)hexanoyl)amino)hexanoy!)-
t-lysine (NVOC-B) fluorenylmethyl ester

A mixture of 6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic acid, suc-
cinimidyl ester (50 mg, 0.088 mmol, 1 equivalent) and o-NVOC-lysine
fluorenylmethyl ester (75 mg, 0.13 mmol, 1.5 equivalents; [62]) was
stirred in dry DMF (1 ml) with triethylamine (25 pl, 2 equivalents). The
reaction was stirred for 4 days after which time the volatiles were
removed and the yellow residue was purified by column chromatogra-
phy (silica, 4:1 CH,Cl,:MeOH) to afford 46 mg of the desired product
(47% yield): "H NMR (500 MHz, DMSO-d,) § 7.92-7.84 (m, 3H), 7.69-
7.55 (m, 6 H), 7.36 (q, J = 7.6 Hz, 2H), 7.25 (m, 2H), 7.13 (s, 1H),
6.35 (s, 1H), 6.30 (s, 1H), 5.34 (AB, / = 13.5 Hz, 1H), 5.28 (AB,
J=13.5 Hz, 1H), 4.45 (m, 1H), 4.38 (m, 1H), 4.23 (m, 1H), 4.19 (t,
J=5.0 Hz, 1H), 4.07 (m, 1H), 3.89 (g, / = 7.0 Hz, 1H), 3.84 (s, 3H),
3.80 (s, 3H), 3.05 (m, 1H), 2.75 (m, 1H), 1.97 {m, 6H), 1.65-1.20 {m,
26H); 13C NMR (125 MHz, DMSO-dy) § 172.0, 171.6, 171.5, 162.4,
156,65, 153.2, 147.5, 144.0, 143.4, 140.5, 139.0, 127.5, 1274,
126.8, 124.7, 119.8, 110.3, 108.0, 65.5, 62.2, 60.8, 59.0, 55.9, 55.9,
55.1, 63.7, 46.1, 40.3, 38.0, 37.8, 35.1, 35.0, 29.9, 28.7, 28.4, 27.9,
27.7,25.9, 25.0, 24.8, 22.5.

a-NVOC-¢-(6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoyl)-
L-lysine cyanomethyl ester
o-NVOC-¢g-(6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoyl)-L-lysine
fluorenylmethyl ester (19 mg, 0.02 mmol, 1 equivalent) was dissolved in
dry DMF (1 ml). Piperidine (20 pl, 10 equivalents) was added and the
mixture was stirred. After 2.5 h, volatiles were removed in vacuo,
hexane (15ml) was added, and the suspension was filtered. The
remaining solid was dissolved in aqueous DMF. The solution was
lyophilized and the solid residue was dissolved in dry DMF (4 ml),
chloroacetonitrite (0.8 ml) and triethylamine (100 pl). After 24 h, the
mixture was separated using preparative HPLC with a linear gradient of
100% 10 mM aqueous acetic acid to 100% acetonitrile over 1 h. The
product-containing fractions were lyophilized to give 5 mg of a pale
yellow solid (31% yield for 2 steps): 'TH NMR (500 MHz, DMSO-d,) &
8.08 (d, J=7.5 Hz, 1H), 7.95 (s, 1H), 7.18 (s, 1H), 6.40 (s, 1H), 6.34
(s, 1H), 5.40 (AB, J=14.8 Hz, 1H), 5.35 (AB, /= 14.8 Hz, 1H), 5.01
(s, 2H), 4.31 (m, 1H), 4.12 (m, 2H), 3.92 (s, 3H), 3.86 (s, 3H), 3.07 (m,
1H), 2.98 (m, 6 H), 2.88 (s, 1H), 2.80 (dd, /=7.3, 5.2 Hz, 1H), 2.72
(s, 1H), 2.67 (d, /=12.4 Hz, 1H), 1.75-1.52 (m, 4H), 1.50-1.41 (m,
6H), 1.41-1.25 (m, 8H), 1.25-1.12 (m, 4H); 3C NMR (125 MHz,
DMSO-d) § 171.8, 171.7, 171.3, 162.5, 162.2, 155.6, 153.4, 148.6,
139.3, 1275, 1156.5, 110.5, 108.3, 66.9, 62.5, 61.0, 59.1, 56.1, 56.1,
55.2, 63.5, 49.7, 49.3, 44.2, 38.2, 37.9, 35.6, 35.3, 35.1, 30.7, 28.8,
28.5, 28.0, 27.9, 26.0, 25.2, 24.9, 24.8, 22.6.

General method for coupling of N-protected amino acids to dCA
This method is essentially as described [26,30]. The N-protected
amino acid (~30 pumol, 3 equivalents) was mixed with the tetra-n-butyl-
ammonium salt of the dCA dinucleotide (~10 umol, 1 equivalent) in dry
DMF (400 pl). The reactions were monitored by analytical HPLC with a
linear gradient of 100% 25 mM aqueous ammonium acetate buffer
(pH 4.5) to 100% acetonitrile over 1 h. Following the disappearance of
the dCA (5 min to 3 h), the reaction mixture was separated using semi-
preparative HPLC with a linear gradient of 100% 25 mM aqueous
ammonium acetate buffer (pH 4.5) 1o 100% acetonitrile. The fractions
containing the aminoacy! dinucleotide were collected and lyophilized.
The lyophilized solid was redissolved in 10 mM aqueous acetic
acid/acetonitrile and lyophilized a second time to remove saits. The
products were characterized by UV/vis and mass spectrometry.

dCA-NVOC-biocytin

Prepared as above: FAB-MS [M-H]- 1228, calc'd for C, Hg N30,
P,S 1228; UV i, (10 mM aqueous acetic acid) 258 nm, 350 nm.
dCA-a-NVOC-¢-(6-(biotinoyl)amino)hexanoyl-L -lysine

Prepared as above: FAB-MS [M-H]~ 1342, calc'd for C5,H,,N,,0,,P,S
1342; UV &, (10 mM aqueous acetic acid) 256 nm, 350 nm.

dCA-a-NVOC-¢-(6-((6-((biotinoyl)amino)hexanoyl)amino)-
hexanoyl)-L-lysine

Prepared as above: ESI-MS [M+Na]* 1480, calc'd for Cg;HgoN;50,4
P,SNa 1480; UV A, (10 mM aqueous acetic acid) 253 nm, 350 nm.
Site-directed mutagenesis of the AChR a67-76 TAG mutants
The mouse muscle AChR 067-76 TAG mutants were prepared using a
standard two step PCR-based cassette mutagenesis procedure using
Pfu Polymerase (Stratagene). For each mutant, a trimmed BsmBI-Mscl
PCR-generated fragment was subcloned into the dephosphorylated
BsmBl-Mscl fragment of mouse muscle AChR o subunit in the pAMV-
PA vector [28]. When possible, silent mutations were introduced to
facilitate screening of positive colonies by restriction endonuclease
digestion. We have found the Bfal recognition sequence CTAG to be
particularly helpful for screening. All mutants were verified by automated
sequencing of the entire PCR cassette across both ligation sites.

In vitro transcription of mRNA

mRNA was synthesized /n vitro from Nofl linearized plasmid DNA
{1 ng/20 pl reaction) using the T7 MessageMachine kit from Ambion as
described in the manufacturer’s instructions. The products were puri-
fied by phenol:chioroform:isoamyl alcohol extraction and isopropanol
precipitation. Purity of the mRNA was assayed by gel electrophoresis.

QOocyte preparation and injection

Oocytes were removed from Xenopus /aevis as described previously
[43] and maintained at 18°C in ND96 solution consisting of 96 mM
NaCl, 2 mM KCJ, t mM MgCl,, 1.8 mM CaCl,, 5 mM HEPES (pH 7.5),
supplemented with sodium pyruvate (2.5 mM), gentamicin (50 pug/ml),
theophylline (0.6 mM) and horse serum (5%). Prior to microinjection,
the NVOC-aminoacyl-tRNA (1 ug/ul in 1 mM NaOAc, pH 5.0) was
deprotected by irradiating the sample for 5 min with a 1000 W xenon
arc lamp (Oriel) operating at 600 W equipped with WG-335 and
UG-11 filters (Schott). The deprotected aminoacy-tRNA was mixed
1:1 with a water solution of the desired mRNA. Oocytes were injected
with 50 nl of a mixture containing 25 ng aminoacyl-tRNA and 1.2 ng of
total mRNA (4:1:1:1 o:::v:0 subunit stoichiometry).

Electrophysiology

Two-electrode voltage clamp measurements were performed 36-48 h
after injection using a GeneClamp 500 amplifier (Axon Instruments,
Foster City, CA, USA). Microelectrodes were filled with 3 M KCI and
had resistances of 0.5-2 MQ. Oocytes were perfused with a nominally
calcium-free bath solution containing 96 mM NaCl, 2 mM KCI, 1 mM
MgCl,, 5mM HEPES (pH 7.5). Macroscopic ACh-induced currents
were recorded in response to application of 200 uM ACh at a holding
potential of -80 mV. Whole cell current measurements are reported as
the mean % standard error.

General procedure for radioactive ligand-binding experiments
Batches of five oocytes were incubated at room temperature for 15 min
with gentle agitation in 400 ul calcium-free ND96 (see Electrophysiol-
ogy section) containing 10 mg/ml BSA (FractionV, Sigma). The radio-
active ligand was then added to a final concentration of 300 pM for
125|-streptavidin (Amersham, 30 uCifug) or 1 nM for 1251-g-bungarotoxin
(Amersham, 2000 Ci/mmol}. After 2 h, the oocytes were transferred to
an ice-cold solution of ND96 + 10 mg/ml BSA (1.5 ml) and agitated for
5 min. The oocytes were then washed extensively in fresh solutions of
ice-cold ND96 + BSA and transferred individually to scintillation vials
and counted in a Beckman LS5000 y-counter. In all cases, a sample of
the final wash solution was counted to ensure that unbound ligand had
not been carried through the assay. In addition, five empty scintillation
vials were counted in each experiment to determine the detector back-
ground which was then subtracted from subsequent measurements. In
experiments involving the binding of both labeled and unlabeled ligand,
the unlabeled ligand was added at high concentration (166 nM for
streptavidin, 312 nM for bungarotoxin) to the initial 400 ul solution. After
20 min, the labeled ligand was added and the assay proceeded as
described above.
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