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was the single base pair deletion found in amn, sug-
gesting that random sequence polymorphisms are
rare or absent in this reading frame.
21. A. Miyata et al., Biochem. Biophys. Res. Commun.
164, 567 (1989); K. Ogi, C. Kimura, H. Onda, A.
Arimura, M. Fujino, ibid. 173, 1271 (1990); C. Kimura
etal., ibid. 166, 81 (1990).
Drosophila appears to possess several neuropep-
tides homologous to mammalian peptides [R. Ni-
chols, S. A. Schneuwly, J. E. Dixon, J. Biol. Chem.
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263, 12167 (1988); T. Lundquist and D. R. Nassel, J.
Comp. Neuro. 294, 161 (1990); D. R. Nassel, T.
Lundquist, A. H66g, L. Grimelius, Brain Res. 507,
225 (1990)], and an amn homolog may occur in
mammals (M. B. Feany, unpublished observations).
This homolog may not be identical to PACAP given
the restricted homologies of the two proteins. Dro-
sophila contains a highly related PACAP homolog
that is distinct from amn [Y. Zhong and L. A. Pefia,
Neuron, 14, 527 (1995)].

Control of Proton Sensitivity of the NMDA
Receptor by RNA Splicing and Polyamines

Stepheﬁ F. Traynelis,* Melissa Hartley, Stephen F. Heinemann

The function of the N-methyl-D-aspartate (NMDA)-preferring glutamate receptor can be
regulated by extracellular pH, a process that may be important during ischemia in the brain
or during seizures. Protons inhibit NMDA receptor function by 50 percent at pH 7.3 through
interactions with the NR1 subunit, and both polyamines and NR1 exon 5 potentiate
receptor function through relief of the tonic proton inhibition present at physiological pH.
A single amino acid (lysine 211) was identified that mediates the effects of exon 5 in the
rat brain. Electroneutral substitutions at this position restored pH sensitivity and, conse-
quently, polyamine relief of tonic inhibition. This effect, together with the structural simi-
larities between polyamines and the surface loop encoded by exon 5, suggest that exon
5 may act as a tethered pH-sensitive constitutive modulator of NMDA receptor function.

NMDA receptors serve many functions in
the developing and adult central nervous
system (1). However, activation of these re-
ceptors also can contribute to the pathophys-
iology of epilepsy (2) and stroke (3). One
way the brain protects itself from the poten-
tially harmful actions of NMDA receptors is
to tightly regulate their function. Indeed,

Fig. 1. Control of NMDA receptor proton inhibition
by NR1 exon 5. (A) NR1 is constructed from 22
exons, four of which can be alternatively spliced
(bold) to form nine isoforms (77, 217); stop codons
are shown as arrowheads. The third exon, which
contains a stop codon, is not shown. Many of the
amino acids encoded by exon 5 (uppercase let-
ters) possess side chains that contain = molecular
orbital systems (~). Helix and B sheet regions
shown were predicted (72) according to Rost and
Sander; accuracy was <72% if this region of NR1
behaved as a soluble protein. Other algorithms
predict helices at Ala'74 to Ser'89, Val?25 to Arg?38
(Chou and Fasman), His'"" to Lys'®®, and Val?2®
to Leu?*? (Garnier et al.), with an estimated accu-
racy of about 50 to 55%. B sheets were predict-
ed at Lys?'* to Phe?'® (Chou and Fasman) and
Glu?'@ to Phe?'® (Garnier et al.). Nearly identical
results were obtained for NR1 — exon 5. The
surface probability index was calculated from
the amino acid surface probabilities (72). Down-
ward denotes the increasing likelihood that res-
idues are accessible to water. (B) Current re-
sponses at —60 mV in Ba?* to glutamate +
glycine (pH 6.8 and pH 7.6) are shown from
oocytes injected with NR1 — exon 5 and NR1

+ exon 5. Scale bars are 10 nA and 50 s. (C) Mean agonist-induced responses
were determined for NR1 * exon 5. Identical quantities of splice variant cRNA
(from four preparations) were injected into oocytes pairwise (1 = 19 cells per
point; the asterisk denotes P < 0.05). For all figures, vertical arrows mark

NMDA receptors are controlled by many
endogenous substances as well as second
messenger systems (1). Of the effects of en-
dogenous ions on NMDA receptor function,
inhibition by extracellular protons (4, 5) is
particularly interesting for three reasons.
First, ion-selective electrodes have provided
information that describes changes in extra-
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cellular pH during normal brain function
(6). For example, the acidic and alkaline
transients associated with synaptic transmis-
sion are sufficient to alter synaptic NMDA
receptor activation (6). Second, the acidifi-
cation of the interstitial spaces that occurs
during both seizures and ischemia (7) will
inhibit NMDA receptors. Because NMDA
receptor activation is critical to both seizure
development and stroke-induced neuronal
damage, receptor inhibition by falling pH
should serve as negative feedback (5, 8).
Third, the sensitivity of NMDA receptors to
physiological concentrations of protons sug-
gests that NMDA receptors are tonically
inhibited at physiological pH (5).

We studied the proton sensitivity of re-
combinant rat NMDA receptors expressed
in Xenopus laevis oocytes (9) and in HEK 293
cells (10). Similar to native NMDA recep-
tors (5), rat homomeric NR1 (11) function is
strongly inhibited by physiological concen-
trations of protons ( Table 1). This observa-
tion suggests that the NR1 subunit contains
molecular entities that regulate receptor
function in a pH-sensitive manner.

At least three exons (Fig. 1A) can be
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0:01 6. 1
H* (uM) activity

6.8

physiological pH (7.3) and error bars are SEM (whenever larger than the sym-
bol). (D) The composite H* inhibition curves for NR1 = exon 5 are shown as a
percent of the fitted maximum (see Table 1 for IC, values). The physiological
range is superimposed as a box. Data are from 77 oocytes.
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alternatively spliced to produce eight differ-
ent NR1 proteins (11). Two of these alter-
native exons encode many charged amino
acid residues and are predicted {12) to exist
as flexible loops on the surface of the NR1
protein (Fig. 1A). Because the extracellular
(5) pH sensitivity of the NMDA receptors
implies that the proton sensor is accessible
to H;O", we tested whether the above-
mentioned exons influence the pH regula-
tion of receptor function.

We compared two NRI isoforms that
differ only by the presence or absence of
exon 5. The presence of exon 5 increased
both the 50%" inhibition concentration
(ICsp) and the Hill slope for proton inhibi-
tion (Fig. 1, B through D). The sum of these
effects is a change in the proton sensitivity of
exon 5-—containing receptors within the
physiological pH range (superimposed as a
box in Fig. 1D). This relief of tonic inhibi-
tion by physiological concentrations of H*
doubled the current (Fig. 1C), which could
explain reports of increased current ampli-
tudes for splice variants that contain exon 5
(11). Both proton inhibition and its modu-
lation by NR1 exon 5 were insensitive to
changes in voltage (P > 0.2; n = 40 oo-
cytes), which distinguishes this regulation
from the effects of pH on membrane surface
charge. Examination of the proton sensitiv-
ity of receptors encoded by each of the eight
alternatively spliced NR1 complementary
DNAs (cDNAs) indicated that only exon 5
controls H' inhibition (13).

Coexpression studies suggest that the rat
NR1 and NR2 subunits assemble to form
heteromeric receptor complexes (14). Be-
cause the expression of NR2 subunits is
widespread, we also examined exon 5-medi-
ated control of the pH sensitivity of hetero-
meric NMDA receptors. Coexpression of
NR1 and NR2 (Table 1) revealed that exon
5 relieved pH inhibition for heteromeric re-
ceptors comprised of NR1 plus NR2A,
NR2B, and NR2D but not NR2C (I15). The
effects of exon 5 were unrelated to agonist
concentration (16), Ca?* concentration (9),
or potentiation (11) by I pM Zn** (P < 0.1;
n = 6). Recombinant non-NMDA receptors
were insensitive to pH (17).

How does exon 5 modulate the pH sen- |

sitivity of NMDA receptors? Exon 5 could
perturb the NR1 tertiary structure and alter
the partial charge distribution within the
ionizable residues that may comprise the pH
sensor. Alternatively, amino acids encoded
by exon 5 might be close enough to the
proton sensor to either directly shield or
alter access to it.

Although evaluation of potentially subtle
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rearrangements requires currently unavail-
able structural data, there are three testable
predictions of the shielding hypothesis. First,
if exon 5 directly shields a surface proton
sensor, it should not perturb the underlying
secondary structure. Results from three dif-
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ferent secondary structure prediction algo-
rithms all suggest that the inclusion of exon
5 into NR1 expands a surface loop located
near the splice site (Fig. 1A). Second, the
Debye length describing the spatial effect of
electric fields produced by individual ions is

Table 1. Oocytes were injected with NMDA receptor cRNA, and currents were recorded under voltage
clamp in response to glutamate + glycine. The expression
Response = (maximum — minimum)/{1 + ((H*]/ICs¢)"} + minimum

was fitted (least squares) to the averaged data. ICg,, values are given in pH units and concentration to the
nearest 5 nM (with the use of an activity coefficient of 0.8); n is the Hill slope. Measurements were made at
5 to 10 pH values from 235 oocytes. Exon 5 increased IC, values in all cases (P < 0.002) (27). The H*
sensitivity was identical in NR1 and NR1 + NR2 receptors (P > 0.01). Equivalent results were obtained for
NR1 + NR2A or -B subunits coexpressed in HEK 293 cells (n = 28 cells). Heteromeric receptors that
contained NR2C were insensitive to pH (75) regardless of the exon configuration of NR1 (P < 0.2, n = 27

oocytes).
NR1 — exon 5 NR1 + exon 5
Subunit Agonist
ICsq (NVY) ICsq (PH) Slope ICqq (NM) ICsq (PH) Slope
NR1 Aspartate 65 7.3 1.0 220 6.8 1.9
NR1 NMDA 60 7.3 1.1 225 6.7 1.9
NR1 Glutamate 50 7.4 1.2 305 6.6 1.6
NR1 + 2A Glutamate 80 7.2 1.5 270 6.7 2.3
NR1 + 2B Glutamate 60 7.3 1.2 270 6.7 1.6
NR1 + 2D Glutamate 65 7.3 1.0 285 6.6 1.6
Fig. 2. Structural determi- A 191 Exon 5 211
nants of the control of pro- ~100 k SKKRNYENLDQLSYDNKRGPK aek
ton sensitivity by exon 5 in )
NR1. (A) Site-directed mu-  §
tagenesis (19) was used to ~ §
convert  the indicated §
codons (right) to glycine & 5,

codons (27). We examined
H* inhibition by recording

homomeric receptor-med- B100 k SKKRNYENT_;rO"L]SE\,’DNKRGPI%ﬂ k
ated currents atpH6.8,7.6, & s
and 8.4 (n Ba2*). Al re- .o
sponses are shown as a &2 a
percent of that at pH 8.4 (0~ & v
= 49 oocytes). These muta- g»
tions had either no effect 20F
(K190G, K192G, K193G,
and R194G; P>0.2)orvery C Exon’s |
slight effects (K192-K193- 100 k SKKRNYENLDQLSYDNKRGPK aek
R194: P < 0.02) onpHsen- &
sitivity. Solid lines are fited — §
H* inhibition curves for wild- &

a
type responses (n = 40; see 2
Table 1 for equation). (B) & 5

Mutant receptors were ei-
ther identical in sensitivity to

pH as wild-type receptors D100 3K 191
were (D200A and D205A; P ® H 7Y

> 0.05) or less sensitve g ]

(E197 and E197-D200- £

D208A; P < 0.05) (datafrom & .

42 oocytes). (C) Mutants @ EQ 26
P210G, K214G, K207G, 20 - [2Gloy

and R208G had minimal ef- pH8 pH7 6.8

fects on H* sensitivity (P <

0.02). By contrast, the mutant K207-R208-K211G completely restored pH sensitivity (P < 0.001). Data
are from 56 oocytes. (D) The single mutation K211G largely restored pH sensitivity, and the rank order of
effectiveness with which amino acids at this position relieved proton inhibition (K >R > Q > G; P < 0.01
for all) matched the expected proton exchange rates for side chain functional groups for these amino
acids in free solution (—NH,;* > —NHC(NH,),* > —CONH, >> «-CH,). Data at pH 6.8 are expanded (n

= 41); the open symbol is the wild-type response.
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inversely proportional to the square root of
the ionic strength (I) of the solution. Con-
sequently, alterations in I can be used to
probe the degree of shielding at the proton
site. If the relief of proton inhibition by NR1
exon 5 involves intraprotein shielding, then
the exon 5-mediated increase in the ICy,
value for protons should be greater when I is
reduced and attenuated by larger values of I.
Consistent with these predictions, we found
that ionic strength was significantly correlat-
ed with the ability of exon 5 to relieve H"
inhibition (18).

Third, if any of the charged amino acids
within exon 5 act to shield the pH sensor,
then replacement of the determinant amino
acids by less electronegative residues should
decrease this shielding. We used site-direct-
ed mutagenesis (19) to alter 12 amino acids.
Only substitutions for Lys?'! markedly re-
duced the effects of exon 5 on pH sensitivity
(Fig. 2). For instance, exchanging three
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completely restored the proton sensitivity of
NR1 + exon 5 without altering fundamental
receptor properties (20). Furthermore, the
individual mutation K211G (21) restored
most of the pH sensitivity to receptors con-
taining exon 5, whereas more electronega-
tive substitutions (K211Q and K211R) were
less effective (Fig. 2D). These results are
consistent with the idea that exon 5 increas-
es the shielding of the proton sensor.
Given that the amino acids encoded by
exon 5 are predicted to comprise a surface
loop with structural similarities to poly-
amines, we wanted to know if this exon acts
in a manner analogous to that of poly-
amines (22, 23). Two previous reports are
consistent with this idea. First, only NMDA
receptors that lack NR1 exon 5 (that is,
only H*-sensitive receptors) are potentiat-
ed by the endogenous polyamine spermine;
second, polyamines increase the median ef-
fective concentration (EC,,) for glutamate
to the same extent as the fifth exon itself

charged amino acids that included Lys?!!

A B 9/ i
100 100 Bt 1004 © =Exon 5
-~ %'\\ /7 —_ \ < ® +Exon5 $
S \ : & §\. L)
o 9 N —
@ a E |s
c g 2
S o o
0 0 ©
Q 4 Q I
o« o-Exon 5 o« o +Exon 5 = |
ol +S£>erm|ne oLe +Spermine . 154'_3',:' : :
8 8 7 6 10t 102 100
pH pH [Spermine] (uM)
D E F
g40 © #Exon 5 { 220+ -Exon 5] 120
2% e K207-R208-K211G _ <
& = KiiG & K207-R208-K211G | &
= s Kk2t10 = 5
8 |+ -Exons 3 K2116 5
Qfg / /i §‘m ':Eg
¢ " <& s <10 2
H " +Exon o o -Exon 5
100 ?—:__"_4_‘:/? 100 : , 0 ./i e K211G
7.6 7.2 6.8 60 40 20 101 102 103
pH hotis.8/oriz.6 (%) [Spermine] (uM)

Fig. 3. Relief of tonic proton inhibition by polyamines. (A) Composite pH inhibition curves are shown for
(NR1 — exon5)NR2B receptors in the absence and presence of 100 uM spermine. This submaximal
concentration of spermine increases the IC, value 2.5-fold (P < 0.001; n = 53 oocytes). The thin line
indicates the inhibition curve for (NR1 + exon 5)NR2B. For all panels, experiments were performed at
—40 mV in Ba?* with 20 to 50 wM glutamate plus 5 wM glycine. (B) Spermine (100 wM) has minimal
effects (P < 0.05) on the H™ sensitivity of (NR1 + exon 5)NR2B (n = 44). (C) Spermine relieves H*
inhibition of (NR1 — exon 5)NR2B receptors with an EC, value of 163 uM (Hill slope = 1.5); 1 mM
spermine also relieves the slight H*inhibition of (NR1 + exon 5)NR2B receptors (n = 66 oocytes). (D)
Potentiation of current responses by 100 wM spermine varies with pH for (NR1 — exon 5)NR2B and (NR1
+ exon 5)NR2B receptors harboring mutations that restore H* sensitivity (7 = 71). Only NR1 + exon 5
receptors that contain substitutions for Lys?'" are potentiated by 100 uM spermine at pH 7.2 to pH 7.6
(n = 205 oocytes; not shown in figure) (27), although K190G also had a slight effect (P < 0.05;n = 7). (E)
There is a strong correlation (- = 0.95; P < 0.02) between the restoration of pH inhibition and spermine
potentiation at pH 7.2 in (NR1 + exon 5)NR2B. Each point represents data from 10 to 35 oocytes (total
= 108). (F) Spermine dose-response curves are shown for the relief of H* inhibition at pH 6.8 for wild-type
(NR1 — exon 5)NR2B (open symbols) and [NR1 + exon 5(K211G)INR2B (filed symbols); relief of H*
inhibition by concentrations below 1 mM (solid lines) is insensitive to voltage (24). Spermine potentiation
of glutamate-induced currents is expressed as (gper — oo lviax — o) X 100, where I, is the current
in the absence of spermine, /., is the current in the presence of 1 mM Spermine, and /g, is the test
current. The concentration-effect curve for K207-R208-K211G (n = 5; not shown in figure) was similar
(28) to that for the wild-type receptor + exon 5. ECg, values were not determined given'the potential
receptor block by spermine at concentrations greater than 1 mM. Data are from 30 oocytes.
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(23). Because heteromeric receptors con-
taining the NR2B subunit are far more sen-
sitive to spermine than other NR2-contain-
ing receptors (24), we tested the effect of
polyamines on proton inhibition using this
receptor combination. Furthermore, al-
though spermine inhibits native NMDA
receptors in a voltage-dependent manner
(22), NR1-NR2B receptors exhibited no
inhibition at —40 mV by 1 mM spermine
(24). If spermine relieves the tonic inhibi-
tion of NMDA receptors by protons at
physiological pH, then (i) spermine should
increase the IC, values for proton inhibi-
tion only for receptors lacking exon 5, (ii)
spermine potentiation should be greater at
reduced pH, and (iii) spermine potentia-
tion should be partially restored by muta-
tions that inactivate exon 5.

Figure 3 presents results that confirm
these predictions. Submaximal concentra-
tions of spermine shifted the proton inhibi-
tion curve to the right only for receptors
that contained the proton-sensitive NRI1
—exon 5 subunit (Fig. 3, A and B). Further-
more, the proton sensitivity of such recep-
tors was abolished by extracellular spermine
with an ECs, value (163 uM) (Fig. 3C)
that is similar to the value reported for
spermine potentiation of native neuronal
receptors (22, 23). Spermine potentiation is
greater for receptors inhibited by low pH
(Fig. 3D), and mutations that restore pro-
ton sensitivity to exon 5-containing recep-
tors also restore their sensitivity to spermine
(Fig. 3E). Mutations that fully restore pro-
ton inhibition do not restore the level of
spermine potentiation to that of the wild-
type receptor, which is consistent with the
idea that the actions of spermine (but not of
highly mobile H*) might be hindered by
the inactivated fifth exon in a complex
manner (Fig. 3, D through F) that involves
more than direct competition.

Our results—that proton inhibition of
the NMDA receptor is determined by the
presence or absence of exon 5 in the NR1
subunit and that the relief of proton inhi-
bition by exon 5 explains potentiation by
extracellular polyamines—have several im-
plications. For example, the mechanism of
polyamine potentiation of NMDA recep-
tors that lack exon 5 (23) is simply the
relief of tonic inhibition present at physio-
logical pH. In addition, the attenuation of
proton inhibition by either polyamines or
inclusion of NR1 exon 5 enhances neuronal
excitability and also reduces the negative
feedback of extracellular acidification sec-
ondary to seizure or stroke on NMDA re-
ceptor activation (5, 7, 8). It follows that
brain regions that express exon 5 (that is,
the brainstem, thalamus, cerebellum, col-
liculi, hippocampal CA3, pontine nucleus,
sensorimotor cortex, and subthalamic nu-
cleus) (25) may be uniquely vulnerable to
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glutamate-induced neuropathologies (2, 3).
Finally, our data raise the intriguing possi-
bility that the predicted surface loop encod-
ed by exon 5 acts as a tethered modulator of
receptor function (26), binding near the
polyamine recognition site (14) to consti-
tutively potentiate receptor function. If this
hypothesis proves to be correct, then com-
pounds that competitively antagonize poly-
amine potentiation of NMDA receptors
may restore tonic pH inhibition by interfer-
ing with the association of exon 5 with its
binding site.
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