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The nonsense codon suppression method for unnatural amino acid incorporation has
been applied to intact cells and combined with electrophysiological analysis to probe
structure-function relations in the nicotinic acetylcholine receptor. Functional receptors
were expressed in Xenopus oocytes when tyrosine and phenylalanine derivatives were
incorporated at positions 93, 190, and 198 in the binding site of the a subunit. Subtle
changes in the structure of an individual side chain produced readily detectable changes
in the function of this large channel protein. At each position, distinct features of side chain
structure dominated the dose-response relation, probably by governing the agonist-

receptor binding.

In the study of membrane-bound receptor,
channel, and transporter proteins, classical
pharmacology has defined highly specific
agonists and antagonists, and quantitative
structure-activity studies have generated
many hypotheses concerning ligand-recep-
tor interactions. More recently, the combi-
nation of site-directed mutagenesis and het-
erologous expression has enabled functional
studies of the consequences of structural
modifications of the receptors. In the ab-
sence of atomic-scale structural data for
membrane-bound receptors, these methods

provide detailed information for the study
of ligand-receptor interactions. First-gener-
ation mutagenesis methodologies used the
normal translation machinery in such a way
that a residue of interest could be changed
to any of the other 19 natural amino acids.

Site-directed mutagenesis combined
with nonsense suppressors [transfer RNAs
(tRNAs) altered at the anticodon so that
they insert an amino acid in response to an
mRNA termination codon] have allowed
the generation of several proteins with
known amino acid changes from a single
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mRNA (I). Recently, second-generation
mutagenesis methodologies have incorpo-
rated the nonsense suppression principle
and extended the amino acid repertoire by
providing a means for the site-specific in-
corporation of unnatural amino acids into
proteins in cell-free systems (2, 3). We
report here the adaptation of this approach
to a heterologous expression system in an
intact cell. Combined with the high sensi-
tivity and resolution of modern electro-
physiological techniques, the incorporation
of unnatural amino acids provides a general
method for structure-function studies of re-
ceptors, channels, and transporters.

Figure 1A outlines the nonsense codon—
tRNA suppressor method as adapted to in-
tact eukaryotic cells. A Xenopus oocyte was
coinjected with two mutated RNA species:
(i) mRNA, synthesized in vitro from a mu-
tated complementary DNA (cDNA) clone
containing a stop codon, TAG, at the ami-
no acid position of interest and (ii) a sup-
pressor tRNA (4) containing the comple-
mentary anticodon sequence (CUA) and
the desired unnatural amino acid syntheti-
cally acylated to the 3’ end (5, 6). During
translation by the oocyte’s synthetic ma-
chinery, the unnatural amino acid was spe-
cifically incorporated at the appropriate po-
sition in the protein encoded by the mRNA.

We exploited this method to study a
ligand-gated ion channel, the nicotinic ace-
tylcholine (ACh) receptor (7). The muscle-
type ACh receptor (AChR) contains five
subunits with a stoichiometry of a,fy3. An
appropriate subject for this first investiga-
tion was the interaction between ligands

Fig. 1. (A) Strategy for A B A
unnatural amino acid in- Mutated mRNA Modified tRNA :
corporation into mem- H A

. . __oc— G—¢C
brane proteins of intact T —— ¢ R * Changed to suppress *A—U %
Xenopus oocytes. The o NHj reacylation e
mRNA was generated A—uU
from a cDNA clone in b4 cu
which the codon of inter- Coinject LG A A _sAcacT A
est had been mutated to Nonsense codon u ‘|’ T T °| LN N
anonsense codon, TAG. S 6 c Yu

NI Nonsense anticodon GAGC u
The unnatural side chain (CUA) G ; A G . GA I
is denoted as R’. (B) c—e
Structure of the non- - & Changed to increase P
:ﬂeﬁse guppressor tRNA- Xenopus oocyte Measure suppression efficiency c: — ﬁA
3, designed to maxi-
mize suppression effi- Anticod Ye v ek 4
ciency and to minimize © Anticodon 050
reacylation.
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and the amino acid residues in the o sub-
unit at positions 93, 190, and 198. There is
good evidence (though not conclusive
proof) that these residues contribute to the
agonist-binding pocket (8). The wild-type
residue is tyrosine at each of these positions
in nearly all known AChR a subunits (9).
Previous studies have shown that phenylal-
anine at these positions modifies the bind-
ing of ACh, with minimal effects on the
subsequent conformational change that
opens the channel (10). The binding of
d-tubocurarine (dTC) and several other
competitive antagonists is also affected by
mutations at these positions (11). We ex-
amined several measures of receptor func-
tion as affected by the incorporation of

various tyrosine and phenylalanine deriva-

tives (Fig. 2) at positions 93, 190, and 198.

A major concern from the outset was
possible reacylation of the injected sup-
pressor tRNA with natural amino acids by
endogenous aminoacyl-tRNA synthetases
(aaRs). Reacylation could occur after de-
livery of the nonnatural amino acid to the
ribosome or by means of a synthetase ed-
iting mechanism (12) that removes the
unnatural amino acid and replaces it with
a natural one. Either type of reacylation
would lead to an uncontrollable mixture
of amino acids at the site of interest in
the protein. Therefore, a tRNA amber
suppressor (anticodon CUA; tRNA-
MN3) having a low probability of reacyl-
ation by each of the 20 synthetases in the
cell (Fig. 1B) was designed by alteration of
a yeast tRNAXS, used previously to in-
corporate unnatural amino acids in an in
vitro translation system (2). Two changes
made previously in yeast tRNAFhe (G34C
and A35U) introduced the amber anti-
codon and removed known recognition
elements for eukaryotic phenylalanyl-
tRNA synthetases (PheRS) (13). Howev-
er, these changes also introduced a recog-
nition site for TyrRS and for GInRS. Be-
cause the wild-type C2-G71 base pair
could also contribute to recognition by
TyrRS and GInRS (14), this base pair was
changed to A-U in tRNA-MN3. In addi-
tion, the G20A mutation was introduced
to decrease reacylation by PheRS. Like the
original yeast tRNAFRS, | tRNA-MN3 also

contains the G37A mutation to increase
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suppression efficiency (15).

We first estimated, using in vitro trans-
lation of the AChR « subunit in a reticu-
locyte lysate system (16), that the incorpo-
ration efficiency was on the order of 10%
for several unnatural amino acids (17, 18).
If this efficiency applies to translation in
intact Xenopus oocytes as well (19, 20), one
would expect generation of full-length o
subunits to be rate-limiting for the produc-
tion of oligomeric receptors. Because two o
subunits are incorporated into each com-
plex, 10- to 100-fold greater amounts of a
subunit mRNA, relative to B, v, and &
subunit mRNAs, were injected.

To test the efficacy and fidelity of unnat-
ural amino acid mutagenesis in oocytes, we
incorporated into the & subunit (i) the nat-

Fig. 2. Natural and un-
natural side chains yield-
ing functional receptors
at positions 93, 190, and
198; and summary of

Jpog

ural tyrosine residue at position 190, (ii) the
natural tyrosine at position 198, or (iii) a
phenylalanine at position 198. Currents of
tens to hundreds of nanoamperes were ob-
served at —80 mV as soon as 6 hours after
injection, and currents generally greater
than 1 wA were observed 24 hours after
injection. Electrophysiological properties of
the expressed receptors were identical to
those of the wild-type receptor (Fig. 3, A and
B) or of the previously studied aTyr!%® —
Phe!®® (a«Tyr198Phe) (21) mutant generat-
ed by conventional mutagenesis (Fig. 3D).
Thus, the method yields the expected data
when compared with conventional mu-
tagenesis and heterologous expression. There
were no responses when no tRNA at all was

injected.
CH CH;

ACh dose-response rela- OCH3

tions and dTC inhibition Tyr 2-F-Tyr -F-Tyr 4-MeO-Phe Phe
data (position 198 only) ECs, 93 49 44 38 388 429
for these side chains. for ACh 190 49 NR NR 704 566
Mean values are given for (uM) 198 49 348 144 . 84. 215
at least six dose-re- dTC K (nM) 37 32 37 8.6 2.3
sponse relations (ECg) CH; CH;

or dose-ratio analyses
(K) from at least two

batches of oocytes. The
SEM ranged from 8 to

o0 G xx

12% of the mean for COOH OH

EC,, values less than 4-NH2-Phe -F-Phe 4-COOH-Phe Fe-Tyr

600 pM and was 15 to ECs;, 93 364 - 149 44

20% of the mean for for ACh 190 904 NR NR NR

higher values. NR, no de- (uM)__ 198 278 143 669 134

tectable response; dash- dTC K; (nM) 12 36 240 33

es, not tested.

Fig. 3. Validation of the nonsense A ? -0 g -0 100 200 400 B E 1-0 55 :5.0 1-00 ?oo ‘.'_00

suppression technique for intact
cells. (A) and (B) show reconstruc-
tion of the wild-type AChR. ACh-
induced currents are shown from
oocytes injected with AChR B, v,
and & subunit MRNAs plus (A) wild-
type a subunit mMRNA, (B)
o198TAG mRNA plus Tyr-tRNA-

J 500 nA

I F(

MNS3, or (C) a198TAG mRNA plus 30s
full-length unacylated tRNA. ACh
applications are shown by horizon- 1.07 Conventional tRNA Suppression ¢ .
tal bars; concentrations are micro- c D u GTyr190 A
molar. (D) Validation by comparison ~ ~ = |77 Wilg- type{ oTyr198 . a
with conventional site-directed mu- 10 400 081-----0Phe1% "4 gphetes g’ A
tagenesis. Tyr (the wild-type resi- 1 100 800 !
due) or Phe was incorporated at ~ ———_~ , 06]
positions «190 and «198. Dotted 2nA  _E 2 A
and dashed lines represent dose- i5s = 0.4
response relations for the wild-type 3
AChR and for AChRa Tyr198Phe 0.2- ¢ A
obtained by conventional mutagen- ‘-’
esis, respectively. Data points rep- 0.0 e 087 9 e
resent the tRNA suppression tech- 1 10

ACh concentraﬂon (uM)

nique. Each point is the mean of

four to eight measurements from at least two batches of oocytes. Values for SEM are smaller than the size

of the symbols.
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The most important control experiment

involved coinjection of the full-length but
unacylated tRNA-MN3 with the mRNA,
because oocytes’s endogenous synthetases
can acylate injected tRNAs (22). In 19 out
of 20 experiments, each involving 5 to 10
oocytes and typified by Fig. 3C, no response
at concentrations as high as 800 uM ACh
was seen up to 24 hours after injection. In

B Fy-Tyr
o 3-F-Tyr

4-MeO-Phe
4-NH,-Phe
- Phe

A
¥ 4-COOH-Phe
o
A

e
T
Q
@
@

..... Tyr

O 4-MeO-Phe
o Fy-Tyr

® 4-F-Phe

o 3-F-Tyr
---Phe

A 4-NH,-Phe
A 2-F-Tyr
V¥ 4-COOH-Phe .~

Wl

0!

T e
.... Tyr nu
* iNngphe ."" '/
A 4-NH2_Phe
--- Phe

C1 . 1’0 - 1060

ACh concentration (uM)

Fig. 4. Normalized dose-response relations for
ACh receptors containing unnatural side chains at
one of three positions (93,7198, or 190) in the a
subunit. The symbols for the unnatural residues
are consistent among the three panels, but the
order of symbols in the key for each panel follows
the rank order of ECg, values. The wild-type resi-
due is Tyr in each case, and the wild-type dose-
response relation is superimposed as a dotted
line. The data for Phe at each position were ob-
tained by both conventional mutagenesis and the
nonsense suppression method (see Fig. 3D) and
are superimposed as dashed lines. Each symbol
represents measurements on at least five oocytes
from at least two separate batches. Individual
dose-response relations were fit to the Hill equa-
tion, /., 1/{1 + (EC5/[A)™}, where | is the cur-
rent for agonist concentration [A], /.., is the max-
imum current, EC, is the concentration to elicit a
half-maximum response, and n,, is the Hill coeffi-
cient. Values for n, ranged from 1.6 to 1.8. /.,
values exceeded 500 nA in all cases except for
4-NH,-Phe at position 190, where !, was ~100
nA. Values for SEM are shown where they exceed
the size of the symbols.

contrast, after injection of the unacylated
tRNAElSA, there were detectable responses
in the 10- to 50-nA range for about half the
oocytes after 24 hours. After 48 hours, re-
sponses with unacylated tRNAMS, were
two- to fourfold larger than the 10- to 30-nA
signals observed with unacylated tRNA-
MN3 (23). Thus, we conclude that reacyl-
ation is not a distorting factor with tRNA-
MN3 and that all functioning channels con-
tain only the desired residue at the mutation
site in the a subunit.

We then studied receptors containing a
variety of unnatural amino acids at positions
93, 198, and 190 (Figs. 2 and 4). These
receptors display many characteristics similar
to those of wild-type receptors, including
responses to ACh in the micromolar con-
centration range and Hill coefficients near 2,
which suggests that the open state of the
channel is much more likely to be associated
with the presence of two bound agonist mol-
ecules than with a single bound agonist. In
addition, receptors containing unnatural
amino acid residues are inhibited in a com-
petitive fashion by dTC. Limited kinetic
measurements have also been made; voltage-
jump relaxations at ACh concentrations
equal to the half-maximal effective concen-
tration (ECs,) with oTyr'?®(4-MeO-Phe)
displayed rate constants (0.084 to 0.090
ms~!) near that of the wild-type receptor
(24). These rate constants equal the sum of
rate constants for initiating and terminating
a burst of single-channel openings (25);
therefore, the unnatural amino acid residues
produced no major changes in the kinetics of
channel gating, which is consistent with pre-
vious measurements on the conventional
aTyr198Phe mutation (11). Also, receptors
containing unnatural side chains displayed
desensitization on the same time scale as did
wild-type receptors.

There were, however, variations in the
dose-response relation for ACh among the
mutants at all the sites. For example, at 50
uM ACh, the normalized responses covered
a range of nearly 100-fold and ECs, values
ranged over nearly 10-fold.

Our results for unnatural amino acid res-
idues at position 93 establish a prominent
role for the hydroxyl group of the wild-type
tyrosine (Figs. 2 and 4). It is surprising that
all side chains with 4’-hydroxyl groups show
comparable EC, values, despite the wide
range of pK, values expected for these resi-
dues (10, 9.2, 8.7, and ~5 for Tyr, 3-F-Tyr,
2-F-Tyr, and F,-Tyr, respectively) (26). The
most straightforward explanation of this re-
sult is that all Tyr derivatives are in the same
protonation state and that this state is OH,
not O~. There is ample precedent for ele-
vated pK, values in hydrophobic protein en-
vironments (27), and apparently this is the
case with the agonist binding site. In this
light, 4-COOH-Phe (pK, ~4) can also be
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considered as contributing an OH group,
but perhaps with suboptimal positioning.
These results, in combination with the
observation that 4-MeO-Phe responds no
better than Phe itself, indicate that an
aromatic OH at position 93 functions as a
hydrogen bond donor.

The rank order of agonist ECs,, for the
modifications at position 198 differs mark-
edly from that at position 93. Therefore,
these two tyrosines are involved in qualita-
tively different interactions with the ago-
nist. The observation that 4-MeO-Phe at
position 198 responds to ACh almost as
effectively as does Tyr at this position rules
out both hydrogen bond donation and de-
protonation as important characteristics of
this side chain. In addition, neither hydro-
phobicity scales nor any of the well-known
parameters that model aromatic substituent
effects (28) rationalize the data for the ag-
onist at the o198 residue, which suggests
that the substituent on the aromatic ring is
not the primary contributor to agonist rec-
ognition at this position. As a preliminary
model, we ascribe this role to the aromatic
ring of Tyr!®® interacting with the quater-
nary ammonium group.-of ACh (10, 11)
through a cation-m interaction (29), as sug-
gested for acetylcholinesterase (30). Of
course, some of the variations measured at
this and the other sites could result from
indirect effects of side chain structure, such
as displacement of neighboring residues.

In experiments on competitive blockade
(31) by dTC of receptors containing unnat-
ural amino acids at the a198 position (Fig.
2), apparent dissociation constants for inhi-
bition, K, range over a factor of 100. The
rank order of dTC K, values differs con-
siderably from that for agonist EC,, ampli-
fying and extending previous observations
made by means of conventional mutagene-
sis. The present data support suggestions
(10, 11) that the interaction between the
residue at ®198 and curare is predominantly
hydrophobic.

At position 190, only Phe, 4-MeO-Phe,
and 4-NH,-Phe produce detectable re-
sponses; and the ECs, for these groups was
more than 10-fold greater than that for the
wild-type receptor. Position 190 is therefore
the most sensitive to structural modifica-
tions of the three positions we have studied.

The versatility in substitutions made pos-
sible by unnatural amino acid incorporation
can now be applied to studies in intact cells,
in particular for membrane receptors. Subtle
chemical changes in the structure of an in-
dividual side chain result in readily detect-
able changes in the function of a large re-
ceptor/channel protein, providing decisive
tests for previous hypotheses concerning li-
gand-receptor interactions. These initial
studies have emphasized fairly conservative
mutations in order to establish the viability
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of the method. However, in cell-free systems,
unnatural amino acid incorporation has
been used not only to modify side chains, but
also to substitute nonpeptide linkages for the
peptide bond and to incorporate fluorescent,
photolabile, and spin-labeled moieties (2).
These tactics can now be applied to many
questions concerning structural and func-
tional aspects of ion channels, receptors, and
transporters.
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Patterns of Human Growth

Human growth has generally been as-
sumed to be a continuous process, the cu-
mulative sum of millions of unsynchronized
cell replications. In 1978, J. M. Tanner
wrote, “Growth is in general a very regular
process. Contrary to opinions still some-
times met, growth in height does not pro-
ceed by stops and starts . ..” (1). Previous
studies of human and animal growth sup-
port this concept (2).

In their report (3), M. Lampl et al. chal-
lenge this view, concluding instead that hu-
man linear growth occurs in sudden spurts,
separated by long periods with no measur-
able growth. They measured crown-heel
length weekly, semiweekly, or daily in
healthy infants and describe brief aperiodic
bursts of growth, up to 1.65 cm in a single
day, separated by long intervals, up to 63
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days, with no measurable growth. Thus, the
human infant was proposed to alternate be-
tween two states, one with a growth velocity
of zero, the other with a mean velocity of 1
cm per day, which would correspond to an
annualized velocity of 365 cm per year.

These observations, if correct, would
require fundamental revisions in our under-
standing of growth (1, 2). For example, the
model of saltation and stasis proposed
by Lampl et al. (3) implies’ the existence
of previously unsuspected synchronizing
mechanisms, presumably hormonal, able to
switch cell division on or off simultaneously
throughout the organism, but none of the
known endocrine regulators of growth fluc-
tuate in such a manner.

We attempted to confirm the hypothesis
of saltatory growth with an experimental






