growth—promoting activity of Tax (24-26).
However, it should be noted that no Tax or
Env proteins could be detected in the joints by
both immunoblotting and immunohis-
tochemical techniques. This is probably due to
low amounts of the proteins, because the
mRNA level of these proteins was low even in
the affected joints, being approximately 1/2000
of that detected in MT-2 cells. Nonetheless, the
observation that the amounts of HTLV-I
mRNA expression in affected joints were five
to ten times higher than in apparently normal
mice suggests a correlation between the RNA
expression and the joint disease. Probably,
small amounts of Tax are enough to exert an
influence on cells at the joint.

Another possible explanation for the in-
duction of inflammatory arthropathy is an
immunological disturbance by the trans-
gene. The observation that some of the mice
had antibodies to immunoglobulins and
DNAs suggests autoimmune-like complica-
tions -in these mice. Although exocrine pa-
thology resembling Sjogren’s syndrome, a
presumed autoimmune disease, has been
found in tax transgenic mice (27), our trans-
genic mice showed no abnormalities in the
salivary and lachrymal glands. The possibil-

ity that an immune reaction could be in-
duced against synovial cells expressing viral
antigens or antigens cross-reactive with viral
antigens seems less likely; no antibodies to
HTLV-I antigens have been detected in
these transgenic mice, and no cross-reactiv-
ity of the Env and pX antigens with rheu-
matoid synovium is known. Gag does cross-
react with rheumatoid synovium, but it is
not carried by these transgenic mice (28). In
any event, these transgenic mice should pro-
vide a useful model to investigate the devel-
opment of rheumatoid arthritis in humans.
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Identification of a Site in Glutamate Receptor
Subunits That Controls Calcium Permeability

RicHARD 1. HUME, RAYMOND DINGLEDINE, STEPHEN F. HEINEMANN*

The neurotransmitter glutamate mediates excitatory synaptic transmission throughout
the brain. A family of genes encoding subunits of the non—N-methyl-D-aspartate
(non-NMDA) type of glutamate receptor has been cloned. Some combinations of these
‘subunits assemble into receptors with a substantial permeability to calcium, whereas
others do not. To investigate the structural features that control ion permeation
through these ligand-gated channels, mutant receptor subunits with single—amino acid
changes were constructed. Mutation of a certain amino acid that results in a net charge
change (from glutamine to arginine or vice versa) alters both the current-voltage
relation and the calcium permeability of non-NMDA receptors. A site has thus been
identified that regulates the permeation properties of these glutamate receptors.

receptors (GluR) is thought to play a
key role in long-term potentiation, ex-
citotoxic neuron damage, and epilepsy (1).
In many neurons, non-NMDA glutamate
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receptors have low permeability to Ca®* (2).
However, in a few types of neurons, Ca®*
influx through non-NMDA receptor chan-
nels is more pronounced (3). The four sub-
units of the first family of non-NMDA
glutamate receptors to be cloned (4-6),
named GluR1, GluR2, GluR3, and GluR4
(7), are similar to one another in amino acid
sequence. When expressed in Xenopus
oocytes alone or in combination, GluR1 and
GluR3 form receptors that have a substan-
tial Ca®" permeability, but when GluR2 is
coexpressed with either GluR1 or GluR3,
the receptor channels have little or no Ca®*
permeability (8). The current-voltage (I-1/)

relations of these subunit combinations are
also distinct. GluR1 or GluR3 receptor
channels display a strongly inwardly rectify-
ing I-V relation, whereas these subunits
coassembled with GluR2 have a linear or
outwardly rectifying I-} relation (5, 6).

To determine the regions of these pro-
teins that are responsible for the permeation
properties of the channels, we first examined
the functional properties of subunit chime-
ras. These experiments indicated that a re-
gion extending from the middle of the NH,,-
terminal extracellular domain through the
third putative transmembrane segment de-
termined the shape of the I-7” curve (9). In
this region, the amino acid sequence simi-
larities of GluR1, GluR2, and GluR3 are
high. We searched for positions in this
region in which the corresponding amino
acid is the same in GluR1 and GluR3 but
different in GluR2 and found one charge
substitution in a region of otherwise identi-
cal amino acid sequence (Fig. 1A). In this
region, a glutamine is present in GluR1 and
GluR3, the two subunits with rectifying I-7
relations, whereas arginine resides in the
equivalent position of GluR2, the subunit
that can combine to form receptors with
linear I-V relations. This charge difference is
near one end of a sequence that has been
postulated to form the second membrane-
spanning domain (6) or an extracellular loop
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(4). To test the importance of this charge
substitution, we made two complementary
mutant receptor subunits, using standard
methods for site-directed mutagenesis (10).
In one mutant, GluR2(R607Q), the arginine
in GluR2 was converted to glutamine so that
the mutant resembled GluR1 and GluR3. In
the second mutant, GluR3(Q612R), the glu-
tamine in GluR3 was converted to an argi-
nine so that the mutant resembled GluR2.
These single amino acid changes had large

Although it differed from the wild-type
GluR3 by only a single amino acid, GluR3-
(Q612R) had different properties than its
wild-type parent did when expressed in Xe-
nopus oocytes (11). Wild-type GluR3 RNA
expressed by itself produced robust respons-
es (often greater than 1 pA at —100 mV),
but we observed little kainate-evoked cur-
rent when RNA encoding GluR3(Q612R)
was injected into oocytes (range 0 to 3 nA,
n = 9). However, this mutant was function-

and reciprocal effects. al because, when coexpressed with GluR1,
A c R R1
Glurl Q 200l B [Blosom | B | Rlireorg) | RRRSOTD)]
GluR2 NEFGIFNSLWFSLGAFMROGCDISPRSLS - 1
Glur3 Q 2, el { ]
o | 3
§1.00
®os0f ]
000l e . o«
B
—_ 100 Fig. 1. (A) Amino acid sequences
‘é 50 of GluR1, GluR2, and GluR3 in
- R2 the region under study. We count-
S 0 ed from the initiator methionine,
g -50 and the key amino acid (in bold)
o -100£/ R2(R6070) was at position 600 in GluR1, po-
100 50 0 50 -100 -50 0 50 100 50 0 50 sition 607 in GluR2, and position

612 in GluR3. The putative mem-
brane-spanning region (6) is under-
lined. The single amino acid code is as follows: N, .asparagine; E, glutamate; F, phenylalanine; G,
glycine; I, isoleucine; S, serine; L, leucine; W, tryptophan; A, alanine; M, methionine; R, arginine; Q,
glutamine; C, cysteine; D, aspartate; and P, proline. (B) I-V relations for individual oocytes injected
with RNA encoding combinations of wild-type and mutant glutamate receptors (11). (C) Index of
rectification in I-V relations for a series of oocytes injected with wild-type and mutant RNAs. For each
cell, the slope conductance (g) was measured at +40 mV (g, 40) and at =75 mV (g_,5) (12), and the
ratio was taken. Cells with pronounced inward rectification have a ratio near 0. Each panel of the figure
shows the average ratio from 4 to 20 cells + SEM. For some points, the error bars were smaller than
the symbols.
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Fig. 2. IV relations of
oocytes in the solution with D R2(R607 E R1+R2(R607
low Na* and high Ba* con- (R6070Q) +R2(RE0TQ) 200
centrations. Each panel shows 100 20 1000
data from a single cell re- g 50 10 500 100
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solution. Oocytes were bathed

in the standard solution (11) or in a solution containing 60 mM BaCl,, 1 mM KCl, and 15 mM Hepes.
We added approximately 8 mM Na as NaOH to adjust the pH to 7.5. (A) GluR1 plus GluR3(Q612R)
receptors; (B) wild-type GluR1 plus GluR2 receptors; (C) wild-type GluR1 plus GluR3 receptors; (D)
homomeric GluR2(R607Q) receptors; and (E) GluR1 plus GluR2(R607Q) receptors.
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the I-V relation was linear, rather than in-
wardly rectifying (Fig. 1B). Thus, this
GluR3 mutant has a phenotype like that of
GluR2. Changing the corresponding single
amino acid in GluR2 altered the properties
of receptors in the reciprocal manner.
Whereas the parent GluR2 itself was nearly
inactive when expressed alone, GluR2-
(R607Q) receptors responded to kainate
with large inwardly rectifying currents (Fig.
1B) like those of GluR1 and GluR3. Thus,
this mutant GluR2 subunit behaves like
GluR3 and GluR1, rather than like the
parent GluR2. A convenient and sensitive
measure of the degree of rectification is the
ratio of kainate-induced slope conductances
at positive and negative potentials (12). The
index of rectification (g 40/¢_,5) Was virtu-
ally zero for GluR2(R607Q) or GluR1 plus
GluR2(R607Q) receptors, as it was for
wild-type GluR1 plus GluR3 receptors (Fig.
1C). Conversely, when GluR1 was coex-
pressed with either the mutant GluR3 sub-
unit or wild-type GluR2, the resulting re-
ceptors displayed a conductance ratio near
1.5.

The mutations that altered the I-V rela-
ton of these non-NMDA receptors also
altered the Ca®* permeability of their chan-
nels. We examined the Ca®* permeability of
the mutant subunits by bathing oocytes in
solutions in which most of the Na* had
been removed and in which the concentra-
tion of divalent cation (Ca®>* or Ba?*) had
been raised to 60 mM. If the receptor
channel is permeable only to monovalent
cations, the shift in reversal potential as the
normal solution is changed to a low Na*
solution with high divalent cation concen-
tration would be —60 mV. If divalent cat-
ions such as Ca®* can also cross the mem-
brane, the shift in reversal potential would
be less negative or positive if the permeabil-
ity to divalent cations is sufficiently large.

For all combinations of subunits tested,
the inward current at —~100 mV was smaller
in solutions with high Ba®>*, low Na* con-
centrations than in the standard solution.
However, the shape of the I-1” curve in this
solution depended on the subunit composi-
tion. When oocytes expressing both GluR1
and GluR3(Q612R) were bathed in a solu-
tion with high Ba>* and low Na* concen-
trations (Figs. 2A and 3), the kainate-
evoked currents reversed polarity at a
substantially more negative potential (—46
+ 1.8 mV, mean + SEM, n = 5) than they
did in standard solution (=9 + 0.6 mV,n =
13). This large, negative shift in reversal
potential reflects a channel that is permeable
mainly to monovalent cations. In the high
Ba®* and low Na® solution, the reversal
potential of oocytes coexpressing GluR1
and GluR3(Q612R) was similar to that for
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Fig. 3. Average reversal or zero-current potential
of oocytes bathed in standard solution (solid dots)
or in the low Na*, high Ba?* solution (open
dots). Each panel of the figure shows the average
of three to six cells = SEM. For some points, the
error bars were smaller than the symbols.

wild-type GluR1 plus GluR2 receptors
(=53 £ 0.8 mV, n = 5; Figs. 2B and 3).
Furthermore, the I-V relationship of these
receptors showed pronounced outward rec-
tification in the solution with high Ba®>* and
low Na* concentrations, as would be ex-
pected for a process that allowed predomi-
nantly monovalent cations to permeate (Fig.
2, A and B).

The left shift of the I-” curve of GluR1
plus GluR3(Q612R) that results when most
of the Na* was replaced by Ba®>* (Fig. 2A)
contrasts with the right shift of the I-1”
curve of receptors assembled from GluR1
plus wild-type GluR3 (Fig. 2C) (8). This
right shift in the I-}” curve indicates that the
wild-type channel has a substantial Ba®*
permeability. When precautions were taken
to minimize the secondary activation of
Ca?*-dependent Cl~ currents (13), we
found that this combination of subunits
showed extreme rectification in the low
Na*, high Ba®* solution, as well as in the
high Na*, low Ca®>* solution. Because a
clear reversal from inward to outward cur-
rent was not always obtained, we define the
“zero current potential” as the most nega-
tive potential at which inward current was
negligible. For GluR1 plus wild-type GluR3
receptors, the average zero current potential
shifted from =7 = 2.9 mV to +15 + 1.6
mV (n = 6) when Ba®* replaced Na* (Fig.
3).

As was the case for the I-1” relation, the
arginine-to-glutamine mutation in GluR2
had the opposite effect of the glutamine-to-
arginine mutation in GluR3. Oocytes ex-
pressing GluR2(R607Q) alone, or GluR1
plus GluR2(R607Q), produced kainate re-
sponses that approached zero current at
potentials near 0 mV in the solution with
high Ba?>* and low Na* concentrations
(Fig. 2, D and E, and Fig. 3). These zero
current potentials are substantially more
positive than the reversal potential for Cl~
(=32 mV) (14) or monovalent cations (—65
mV) and must therefore represent entry of
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Ba?* through the glutamate receptors.

When these experiments were repeated
with Ca®* as the charge carrier, the results
were consistent with those obtained in
Ba®*, confirming that there was a substan-
tial Ca®>* permeability through subunit
combinations containing a mutant GluR2.
In high Ca®?* concentrations, however,
kainate responses were contaminated by sec-
ondary activation of endogenous CI™ cur-
rents. In 60 mM Ca®*, for example, the
zero-current  potentials of GluR1 plus
GluR2(R607Q) and of GluR2(R607Q) ex-
pressed alone were —22 + 2.7 mV (n = 3)
and —20 mV (n = 2), respectively. This was
still substantially more positive than the
equilibrium potential for monovalent cat-
ions in this solution (reversal potential for
GluR1 plus GluR2 was —48 mV) but close
to the equilibrium potential for CI~ (-25
mV) (14).

If we assume that all monovalent cations
are equally permeant and that the responses
we have measured are uncontaminated by
Cl™ currents, we can use the magnitude of
the shift in reversal potential to estimate the
permeability ratio of Ba®>* to monovalent
cations, The negative shift in reversal poten-
tial when Na™ is replaced by Ba®* that is
characteristic of GluR1 plus GluR2 recep-
tors or GluR1 plus GluR3(Q612R) recep-
tors indicates a Ba®>* to monovalent perme-
ability ratio in the range of 0.01 to 0.05.
This is similar to the Ca®>* to Na* perme-
ability ratio calculated for kainate-activated
receptors on cultured hippocampal neurons
(2). In contrast, if the zero current potential
of GluR1 plus GluR2(R607Q) receptors is
used in this calculation, the Ba®>* to mono-
valent permeability ratio is in the range of 1
to 3 (15). This value is less than the value of
about 8 estimated for the NMDA channel in
cultured hippocampal neurons (2) but indi-
cates that the divalent ion permeability of
receptors with inwardly rectifying I-1” rela-
tions is at least 30-fold higher than that for
receptors with outwardly rectifying I-1” re-
lations.

We have identified a site that appears to
be a key regulator of ion permeation
through non-NMDA receptor channels.
When this site contains an arginine, the
resulting receptors carry little current by
themselves, but when coexpressed with oth-
er subunits, the receptors exhibit a linear I-1
relation and low Ca®* permeability. When
the site contains a glutamine, the protein can
self-assemble into functional receptors that
allow Ca?*, as well as monovalent cations,
to cross the membrane. This region is there-
fore likely to be in or near the ion perme-
ation path of the activated receptor channel.
These results suggest an explanation for the
weak ability of homomeric GluR2 or

GluR3(Q612R) channels to carry current:
the homomeric assembly of subunits that
each carry a positive charge in or near the
channel could interfere with cation perme-
ation. Similarly, the inward rectification of
GluR1, GluR3, and GluR2(R607Q) chan-
nels might be explained by their having a
high Ca*>* permeability if, for example, the
absence of the positively charged arginine
unmasks a binding site for divalent ions in
the channel. The positive charge of arginine
could neutralize a carbonyl or ionized car-
boxyl group that forms part of a divalent ion
binding site. Alternatively, the presence of
the positively charged arginine in or near the
channel might select against the permeation
of the divalent cations in an otherwise weak-
ly selective channel.

Note added in proof: Verdoorn and co-
workers (21) recently reported results simi-
lar to those shown in Fig. 1. They identified
the same arginine to glutamine switch, but
they used a different nomenclature and ami-
no acid numbering convention than used
here (7).
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HRR25, a Putative Protein Kinase from Budding
Yeast: Association with Repair of Damaged DNA

MERL F. HOEKSTRA,* R. MicHAEL Liskay, ALaN C. Ou,
ANTHONY J. DEMAGGIO, DAVID G. BURBEE, FRED HEFFRON

In simple eukaryotes, protein kinases regulate mitotic and meiotic cell cycles, the
response to polypeptide pheromones, and the initiation of nuclear DNA synthesis. The
protein HRR25 from the budding yeast Saccharomyces cerevisiae was defined by the
mutation hrr25-1. This mutation resulted in sensitivity to continuous expression of the
HO double-strand endonuclease, to methyl methanesulfonate, and to x-irradiation.
Homozygotes of hrr25-1 were unable to sporulate and disruption and deletion of
HRR?25 interfered with mitotic and meiotic cell division. Sequence analysis revealed
two distinctive regions in the protein. The NH,-terminus of HRR25 contains the
hallmark features of protein kinases, whereas the COOH-terminus is rich in proline
and glutamine. Mutations in HRR25 at conserved residues found in all protein kinases
inactivated the gene, and ‘these mutants exhibited the hrr25 null phenotypes. Taken
together, the hrr25 mutant phenotypes and the features of the gene product indicate
that HRR25 is a distinctive member of the protein kinase superfamily.

HE REPAIR OF DNA DAMAGE RE-

quires the coordination of a large

- number of gene products (1). For
example, in responding to ultraviolet (UV)
irradiation, cells can use photoreactivation
or excision repair functions to correct genet-
ic lesions. The repair of strand breaks, such
as those created by x-rays, can proceed
through  recombinational — mechanisms.
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Many forms of DNA damage cause cells to
arrest in G2 (2). During this G2 arrest,
DNA lesions are repaired to ensure chromo-
somal integrity before mitotic segregation.
In eukaryotes such as S. cerevisiae, genetic
studies have defined repair-deficient mutants
and have identified more than 50 radiation-
sensitive (RAD) mutants -with defects in
genes that function in repair of damaged
DNA (3).

To understand the functions involved in
recognizing and repairing a broken chromo-
some, we have isolated mutants sensitive to
continuous expression of the HO gene,
which codes for a 65-kD site-specific endo-
nuclease that cuts double-stranded DNA
and initiates mating-type interconversion
(4). The products of at least three DNA
repair genes (RAD51, RADS52, and

RADS54) are required for the repair of the
HO-created double-strand break (3, 5).
However, the characteristics of the proteins
encoded by these genes are not known (6).
In a yeast strain containing a galactose-
inducible HO, we identified mutants that
were unable to grow on galactose. Of the
mutants that were subsequently comple-
mented by various galactose metabolism
(gal) mutants, several showed varying sensi-
tivity to the radiomimetic alkylating agent
methyl methanesulfonate (MMS). Five al-
leles of known rad mutations were identified
in this screen (7), and one mutation, hrr25-1
(HO and radiation repair), displayed severe
defects in DNA repair.

The hrr25-1 mutation conferred a reces-
sive DNA repair defect that included sensi-
tivity to MMS (Fig. 1). The hrr25-1 strains
also showed sensitivity at 5 to 20 krad of
x-irradiation (8), similar sensitivity to that
observed with mutations in the radiation
repair genes RAD50 and RAD52 (3, 6).
These hrr25-1 strains are no more sensitive
to UV irradiation than are wild-type strains
and are not temperature-sensitive for
growth at 37°C. Although some rad mutants
have several of the hrr25-1 DNA repair
phenotypes, hrr25-1 strains differ in that
they undergo nearly normal mitotic recom-
bination (3, 9). Frequencies of spontaneous
mitotic gene conversion and crossing-over
were similar for homozygous hrr25-1 and
wild-type strains (Table 1). However,
HRR2S5 is required for the correct comple-
tion of meiosis. Homozygotes of hrr25-1
showed fewer than 0.5% spores under con-
ditions in which an isogenic wild-type strain
sporulated to 75 to 85%. The hrr25-1 mu-
tation could be complemented by a number
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