








extensive work showing that DH is required for
CFC (19).

Mice were killed at various time points af-
ter CFC to measure expression of Npas4, c-Fos,
and Arc mRNA using quantitative polymerase
chain reaction (qPCR) (Fig. 1C). Npas4 mRNA
reached its peak level 5 min after training and
returned to baseline levels 4.5 hours later. ¢-Fos
and Arc reached their peak levels by 30 min and
returned to baseline levels 4.5 hours after training
(Fig. 10).

Next, we trained mice under CFC conditions
that provided both context learning and shock
association (C+S), or under conditions that involved

just context learming (C) or shock (S) alone (Fig.
1D). Both C+S and C represent learning condi-
tions, because the hippocampus forms contextual
representations independent of shock delivery
(20, 21), but only C+S provides a behavioral read-
out of learning (Fig. 1D). Immediate S fails to
induce long-term contextual memories, as the con-
text exposure is not long enough for the hippo-
campus to form a representation (Fig. 1D) (20, 22).
Therefore, this served as a control condition, allow-
ing us to distinguish IEG induction specific to
context learning from induction due to the shock.

Gene expression analysis in mice sacrificed
30 min after training indicated that, compared

Fig. 3. Npas4 expression in CA3 is required for contextual fear conditioning. (A) (Top) Npas4 expression
is increased only in CA3 and to a lesser extent in dentate gyrus after CFC. (Bottom) c-Fos expression is
induced in all subregions of DH after CFC. (Right) Seizure induces Npas4 and c-Fos in all subregions of
hippocampus. (B) Western blot analysis of Npas4 and c-Fos expression in DH at various times after CFC.
n =5 mice per condition. Values are plotted relative to peak time point. *P < 0.04. (C) Selective
deletion of Npas4 in CA3 or CA1 3 days after injecting HSV-Cre. (D) Selective deletion of Npas4 in CA3
impairs long-term CFC memory formation. *P < 0.001.
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with naive subjects, Npas4 was induced in the
C+S and C groups, but not in the S group. In
contrast, c-Fos and Arc were significantly in-
duced in all behavioral conditions (Fig. 1E).

Learning and memory deficits in Npas4
global knockout mice. We next determined
whether CFC was impaired in Npas4 knockout
(Npas4™") mice. During the training session and
the memory test 5 min later, we observed robust
freezing behavior in both Npas4 '~ and wild-
type (Npas4+/+) littermates, suggesting that the
ability to acquire CFC is normal in Npas4 '~
mice (Fig. 2, A and B). Furthermore, locomotor
activity, anxiety levels, footshock sensitivity, and
hippocampal morphology were similar across
genotypes (figs. S1 and S2). However, despite
having intact memories 5 min after training,
freezing elicited by the context 1 hour and 24 hours
after training was significantly reduced in Npas4 '~
mice (Fig. 2, C and D), which suggests that both
short-term memory (STM) and long-term mem-
ory (LTM) are impaired.

There is now a general consensus that the
amygdala is required for all forms of fear condi-
tioning, whereas only a subset of fear-conditioning
paradigms (including CFC) rely on hippocampal
integrity (23, 24). We therefore investigated
whether Npas4 '~ mice were deficient in auditory
delay conditioning, a form of fear conditioning
known to depend on the amygdala but not the
hippocampus (24). We saw no difference between
Npas4~~ and wild-type mice when tone-induced
freezing was measured 24 hours after training,
confirming that sensory detection and fear mem-
ory acquisition are normal in Npas4 " mice and
suggesting that the impairment we observed
in CFC was likely due to a deficit in the hippo-
campus, not the amygdala (Fig. 2E).

Selective deletion of Npas4from CA3, but
not CA1, impairs long-term contextual memory.
We hypothesized that the memory impairment
observed in the global knockout was due to a
loss of learning-induced Npas4 expression in DH,
based on its selective expression after context
learning (Fig. 1E). Because the different sub-
regions within DH may play dissociable roles in
contextual memory formation (3), we examined
whether CFC resulted in a regionally selective
expression of Npas4. Although Npas4 was ex-
pressed broadly in several brain regions after
CFC, including amygdala and entorhinal cortex
(fig. S3), within the hippocampus Npas4 expres-
sion after CFC was largely restricted to the CA3
subregion (Fig. 3A), with higher expression in
dorsal CA3 than in ventral CA3 (fig. S4). In con-
trast, c-Fos was robustly expressed in both CA1
and CA3 (Fig. 3A), and similar patterns of in-
duction have been reported for Arc and Zif268
(25, 26). We also noted that the highest level of
Npas4 was observed 30 min after CFC, 1 hour
before the peak expression of c-Fos (Fig. 3B).
This observation suggests that pathways ac-
tivating Npas4 may be distinct from those for
other IEGs. Importantly, localized induction of
Npas4 in CA3 appears to be specific to contextual
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after training, animals with Npas4 deletions in
CA3 had attenuated freezing responses com-
pared to animals with Npas4 deletions in CAl
or wild-type animals injected with HSV-Cre in
CA3 (Fig. 3D).

Npas4 regulates an activity-dependent ge-
netic program that includes several IEGs. As an
activity-dependent transcription factor, Npas4
likely regulates a genetic program that is re-
quired for CA3-dependent encoding of con-
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No change is observed in

Pol Il binding at the c-Fos promoter (P = 0.333, n =

textual memory. Npas4 expression peaks before
that of several other IEGs (Figs. 1C and 3B),
and its acute deletion abolished expression of
c-Fos (Fig. 4A); together, these data suggest
that Npas4 may regulate the activity-dependent
expression of other IEGs. To explore this pos-
sibility, we acutely deleted Npas4 in a high

6 per genotype).

percentage of cultured Npas4™™ hippocampal
neurons by infecting them with HSV-Cre and
assayed the mRNA expression of several IEGs
after membrane depolarization. Compared with
uninfected and HSV-GFP (green fluorescent
protein)-infected controls, deletion of Npas4 abol-
ished depolarization-induced expression of Arc,
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Fig. 6. Acute expression of Npas4 in CA3 reverses short-term and long-term memory deficits ob-
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deficit. *P < 0.001.

c-Fos, and Zif268 mRNA (Fig. 4B). Expression
of the housekeeping gene GAPDH (glyceraldehyde
3-phosphate dehydrogenase) was not altered.
Deletion of Npas4 could affect expression
of activity-regulated IEGs indirectly, for exam-
ple, by generally disrupting the cellular response
to neuronal activity. To examine this possibility,
we designed a series of luciferase reporter assays
to determine whether other activity-dependent
transcriptional pathways function normally in the
absence of Npas4. We first characterized tran-
scription from the promoter of Npas4 (Ppasa-Luc)
to look at pathways upstream of Npas4. This
reporter was induced in response to KCI de-
polarization but not to activators of other sig-
naling pathways, similar to endogenous Npas4
(fig. SS; compare Fig. 1, A and B). When Npas4
was acutely deleted by the expression of Cre
recombinase in cultured hippocampal neurons
generated from Npas4™™ mice, activity of
Ppasa-Luc in response to KCl1 depolarization
was unchanged (Fig. 4C). We also examined
the activity of the transcription factors CREB
(cAMP responsive element—binding protein) and
MEF2 (myocyte enhancer factor 2). Unlike Npas4,

these proteins are constitutively expressed and
are activated by posttranslational modifications
in response to depolarization (29, 30). Reporters
expressing luciferase under the control of CREB
and MEF2 response elements (CRE and MRE)
were unaffected by acute deletion of Npas4
(Fig. 4C).

We then directly determined whether Npas4
binds to the genomic DNA of two activity-regulated
genes, BDNF (brain-derived neurotrophic factor)
and c-fos, using chromatin immunoprecipitation
(ChIP). These genes are dependent on Npas4 for
their expression in response to neuronal activ-
ity (Fig. 4, A to C) (18), have well characterized
genomic structures (3/-35), and have been im-
plicated in learning and memory (/4, 36, 37).
‘We examined one of the activity-regulated pro-
moters of BDNF, promoter I (Plgpng), the prox-
imal promoter region of c-Fos and one of its
upstream enhancer regions, E2 (38). After de-
polarization, Npas4 bound to Plgpnr and c-Fos E2
but not to the c-Fos proximal promoter (Fig. 4D).

Npas4 is required for recruitment of RNA
polymerase Il to regulatory regions of its target
genes. Genome-wide ChIP sequencing has re-
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vealed that Npas4 colocalizes with RNA poly-
merase I (Pol II) at enhancer and promoter sites
of many activity-regulated genes, including BDNF
and c-fos (38). However, it is not known whether
this colocalization plays an important role in
regulating transcription of these genes. We hy-
pothesized that Npas4 is required for activity-
dependent recruitment of Pol II to promoter
and enhancer regions of its targets, in order to
activate their transcription.

We acutely deleted Npas4 using HSV-Cre in
a high percentage of cultured Npas4™™ cortical
neurons and then performed ChIP for Pol II after
2 hours of membrane depolarization. In control
neurons infected with HSV-GFP, Pol II localized
to Plgpng the c-Fos enhancer E2, the c-Fos pro-
moter region, and the B-actin promoter after de-
polarization (Fig. 5A). When Npas4 was deleted
by HSV-Cre, localization of Pol II to Plgpnr
and c-Fos E2 was impaired (Fig. 5A). As we de-
scribed above, Npas4 binds to both of these re-
gions. Pol II binding to the promoter regions of
c-Fos and B-actin, where we did not observe
Npas4 binding (Fig. 4D), was not affected by
deletion of Npas4. To confirm that the Npas4-
dependent binding of Pol II is important for gene
expression, we compared luciferase reporters driv-
en by Plgpnr and the ¢-Fos promoter and found
that expression from Plgpng Was abolished by
deletion of Npas4, whereas expression from the
c-Fos promoter was not attenuated (Fig. 5B).

To confirm our findings in vivo, we per-
formed ChIP for Pol II from hippocampal tissue
extracted from adult Npas4™" and Npas4 '~
littermates. Npas4 is expressed only in a sparse
population of neurons after CFC (Fig. 3A),
making it difficult to detect Pol II binding in
these cells. We therefore used kainic acid—induced
seizures to activate all neurons to determine the
genomic localization of Pol I in vivo. Seizure has
been shown to robustly induce activity-regulated
genes, many of which have been implicated in
memory formation, and under certain conditions
can induce potentiation similar to long-term po-
tentiation (39). In line with our in vitro observa-
tions, localization of Pol II to PIgpnr and c-Fos
E2 was impaired in Npas4~~ mice compared
with Npas4'™"* littermates, whereas Pol II binding
to the promoter regions of c-Fos and B-actin was
similar across genotypes (Fig. 5C and fig. S6).

Expression of Npas4 in CA3 rescues tran-
scription and memory formation in global knock-
outs. We next investigated whether reexpressing
Npas4 in CA3 of Npas4~~ mice leads to expres-
sion of its genetic program and consequently
rescues memory formation. The CA3 region of
Npas4~~ mice was infected with HSV expressing
Npas4 (HSV-Npas4) (Fig. 6A), and activation
of Npas4 gene targets was examined using im-
munostaining. HSV-Npas4 induced the expres-
sion of c-Fos (Fig. 6B), but a transcriptionally
inactive version of Npas4 (ANpas4) did not, con-
firming that the transcription activation ability
of Npas4 is required. We also investigated wheth-
er expression of Npas4 is sufficient to induce
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BDNF by measuring the activity of a Plgpnr re-
porter construct in vitro. We transfected Cre into
Npas4™™ neurons and found that activity of the
Plgpnr reporter was abolished. Cotransfecting
Npas4, but not ANpas4, rescued the activity of
the Plgpnr reporter (Fig. 6C).

We then determined whether expressing
Npas4 in CA3 of the global knockout mice is
sufficient to restore the ability to form long-term
contextual memories. The use of HSV allowed us
to acutely express Npas4, with a peak expression
3 days after injection (27, 28). Mice were injected
with virus, trained 3 days after injection, and
tested 1 hour and 24 hours after training (Fig.
6D). Expressing Npas4 in CA3 completely re-
versed both the short-term and long-term contex-
tual memory deficits observed in the global
knockouts, because Npas4 knockout mice with
HSV-Npas4 injected into CA3 showed similar
freezing behavior to wild-type control animals
injected with GFP. Global knockouts with HSV-
Npas4 delivered to CA1 showed no such recov-
ery (Fig. 6D). Expressing ANpas4 in CA3 failed
to overcome the memory deficits in Npas4 '~
mice, confirming that activation of the genetic
program regulated by Npas4 is required for res-
cue of memory formation.

Discussion. We have identified a genetic
pathway in CA3 required for rapid encoding of
hippocampal-dependent contextual memory. Al-
though several studies have identified CA3 func-
tion and output as essential to the encoding of
contextual information (3-6), very little is known
about the molecular mechanisms underlying this
process. We found that acute deletion of Npas4
from CA3 resulted in a dramatic reduction in IEG
expression and impaired contextual memory for-
mation, and that expression of transcriptionally
active Npas4 in CA3 was sufficient to restore
both IEG expression and memory formation in
the global knockout. Additionally, we found that
expression of Npas4 in CAl is neither necessary
nor sufficient for contextual memory formation.
Although our viral strategy cannot target all of
CAL, these findings are in line with other studies
using transgenic mouse lines targeting CREB in
CAL1 [(40, 41), but see (42)]. Our data indicate
that regulation of a transcriptional program by
Npas4 is a mechanism through which CA3 sup-
ports the rapid acquisition and consolidation of
contextual information.

Activity-dependent gene expression is thought
to be required for LTM, but not for STM (8). We
observed a STM deficit in the Npas4 global
knockout mice, but not in the conditional CA3
knockout (Fig. 3C). Although the STM impair-
ment could be due to a developmental deficit
caused by germline deletion of Npas4 in the
global knockout, the rescue by acute expression
of Npas4 argues against this explanation. It is
possible that basal levels of neuronal activity
maintain a low level of Npas4, which in turn
provides a moderate level of the downstream
molecules required for STM. Then, perhaps, al-
though acute deletion of Npas4 does not re-
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duce the level of those genes below that
required for STM, chronic deletion in the glob-
al knockout results in insufficient levels to sup-
port STM.

It is intriguing that Npas4 global knockout
mice function normally in auditory delay condi-
tioning, which is hippocampus-independent but
amygdala-dependent, because long-term memory
formation in the amygdala is thought to be de-
pendent on activity-regulated gene expression.
We observed that the expression of Npas4 gene
targets is attenuated in the Npas4 global knock-
out, but not to the degree that was observed in
the conditional deletion (fig. S7), which suggests
that compensatory pathways may result in some
expression of target IEGs. Conceivably these path-
ways are sufficient to support memory forma-
tion in the amygdala, but IEG expression fails to
reach a level sufficient to support the hippocam-
pal learning required for CFC. Alternatively, or
additionally, the activity-regulated genetic pro-
gram induced through compensating pathways
independent of Npas4, although including certain
IEGs such as c-Fos and BDNF, may not contain
all the components necessary for CFC. It seems
likely that acute deletion of Npas4 in the amyg-
dala will result in impairment of auditory delay
conditioning.

Our findings suggest the possibility of a
hierarchical genetic program in which Npas4 is
upstream of several activity-regulated genes. How-
ever, Npas4 itself is regulated by activity at the
mRNA level, and although it reaches peak ex-
pression slightly earlier than other rapidly re-
sponding IEGs (Fig. 1C and Fig. 3B), it is unclear
whether Npas4 protein is synthesized quickly
enough to initiate the first wave of IEG expres-
sion. It seems more likely that Npas4, through the
recruitment of Pol II, only enhances and sustains
IEG expression at later time points, as suggested
recently for Npas4-dependent regulation of BDNF
transcripts (43).

The mechanism by which Npas4 affects Pol
IT recruitment to its target genes is not immedi-
ately obvious. It could directly recruit Pol II to
genomic regions in a manner similar to CREB-
binding protein, or it could be indirectly involved
through interactions with other proteins, such as
CREB (44, 45).

Our previous work identified a role for Npas4
in the activity-dependent regulation of inhibitory
synapse development (18). Thus, the genetic pro-
gram controlled by Npas4 may be involved in
contextual memory formation, at least in part,
through the modulation of inhibitory synapses
in the hippocampal circuit. Consistent with this
idea, learning-induced increases in inhibitory syn-
aptic transmission have recently been reported in
the hippocampus (46, 47).

We have focused here on the role of Npas4 in
hippocampus-dependent contextual learning, but
the genetic program regulated by this transcrip-
tion factor likely contributes to several other
experience-dependent processes. We hope to
leverage the function of Npas4 in order to dis-

sect specific neural circuits actively engaged in
information processing to better understand the
molecular and cellular mechanisms underlying
learning and memory.
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How a DNA Polymerase Clamp Loader
Opens a Sliding Clamp

Brian A. Kelch,'* Debora L. Makino,™*t Mike 0'Donnell,? John Kuriyan®3%°}

Processive chromosomal replication relies on sliding DNA clamps, which are loaded onto

DNA by pentameric clamp loader complexes belonging to the AAA+ family of adenosine
triphosphatases (ATPases). We present structures for the ATP-bound state of the clamp loader
complex from bacteriophage T4, bound to an open clamp and primer-template DNA. The
clamp loader traps a spiral conformation of the open clamp so that both the loader and the
clamp match the helical symmetry of DNA. One structure reveals that ATP has been hydrolyzed
in one subunit and suggests that clamp closure and ejection of the loader involves

disruption of the ATP-dependent match in symmetry. The structures explain how synergy
among the loader, the clamp, and DNA can trigger ATP hydrolysis and release of the

closed clamp on DNA.

hromosomal DNA replication relies on
‘ multiprotein replicases that copy DNA

with high speed and processivity (1, 2).
The polymerase subunits of the replicase are
tethered to ring-shaped sliding clamps that en-
circle DNA, allowing the polymerase to bind
and release DNA repeatedly without dissociating
from the progressing replication fork. All repli-
cases use a conserved sliding clamp mechanism
for processivity (3—6), even though the bacterial
and eukaryotic replicative polymerases have
evolved independently (7, 8). Sliding clamps are
also used for scanning DNA in several DNA re-
pair processes (9).

Sliding clamps cannot load onto DNA sponta-
neously because they are closed circles (5, 10, 11)
(Fig. 1A). Instead, adenosine triphosphate (ATP)-
dependent complexes known as clamp loaders
open the sliding clamps and load them onto
primed DNA in the correct orientation for pro-
ductive engagement of the polymerase [the clamp
loaders are the y/t complex in bacteria, replication
factor—C (RFC) in eukaryotes and archaea, and
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gp44/62 in T4 bacteriophage (Fig. 1B)]. Clamp
loaders are members of the AAA+ superfamily
of adenosine triphosphatases (ATPases), a diverse
group of oligomeric ATPases whose functions

A clamp loader
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include motor and helicase activity and the abil-
ity to disassemble protein complexes (12, 13).
In contrast to typical AAA+ ATPases, all clamp
loader complexes are pentameric rather than hex-
americ. The lack of the sixth subunit in the clamp
loader creates a gap in the assembly that is es-
sential for the specific recognition of primer-
template junctions (/4, 15). The five subunits of
the clamp loader are designated A, B, C, D, and E
and are identified in Fig. 1B.

Each clamp loader subunit consists of three
domains that are conserved in structure (14, 16—19).
The first two of these domains form a AAA+
ATPase module, and five of these modules are
brought together in intact clamp loaders such
that ATP can be bound at interfacial sites (/4)
(Fig. 1B). The third conserved domain in each
subunit is integrated into a circular collar that holds
the assembly together in the absence of ATP.

A key role for ATP in the mechanism of
clamp loaders is to trigger the formation of a
spiral arrangement of AAA+ modules, leading to

5 e
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ATP
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T4 bacteriophage
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Fig. 1. Clamp loaders and sliding clamps. (A) Clamp-loading reaction. The clamp loader has low affinity
for both clamp and primer-template DNA in the absence of ATP. Upon binding ATP, the clamp loader can
bind the clamp and open it. The binding of primer-template DNA activates ATP hydrolysis, leading to
ejection of the clamp loader. (B) Three classes of clamp loaders. Bacterial clamp loaders are pentamers
consisting of three proteins: & (A position), y (B, C, and D positions), and 8" (E position). Eukaryotic clamp
loaders (RFCs) consist of five different proteins, with the A subunit containing an A" domain that bridges
the gap between the A and E AAA+ modules. The T4 bacteriophage clamp loader consists of two proteins:
gp44 (the B, C, D, and E subunits) and gpé2 (the A subunit).
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