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lon channels in excitable cells function in macromolecular com-
plexes in which auxiliary proteins modulate the biophysical properties
of the pore-forming subunits. Hyperpolarization-activated, cyclic
nucleotide-sensitive HCN4 channels are critical determinants of mem-
brane excitability in cells throughout the body, including thalamocort-
ical neurons and cardiac pacemaker cells. We previously showed that
the properties of HCN4 channels differ dramatically in different cell
types, possibly due to the endogenous expression of auxiliary pro-
teins. Here, we report the discovery of a family of endoplasmic re-
ticulum (ER) transmembrane proteins that associate with and
modulate HCN4. Lymphoid-restricted membrane protein (LRMP,
Jaw1) and inositol trisphosphate receptor-associated guanylate ki-
nase substrate (IRAG, Mrvi1, and Jaw1L) are homologous proteins
with small ER luminal domains and large cytoplasmic domains. De-
spite their homology, LRMP and IRAG have distinct effects on HCN4.
LRMP is a loss-of-function modulator that inhibits the canonical depo-
larizing shift in the voltage dependence of HCN4 in response to the
binding of cAMP. In contrast, IRAG causes a gain of HCN4 function by
depolarizing the basal voltage dependence in the absence of cAMP.
The mechanisms of action of LRMP and IRAG are independent of traf-
ficking and cAMP binding, and they are specific to the HCN4 isoform.
We also found that IRAG is highly expressed in the mouse sinoatrial
node where computer modeling predicts that its presence increases
HCN4 current. Our results suggest important roles for LRMP and IRAG
in the regulation of cellular excitability, as tools for advancing mecha-
nistic understanding of HCN4 channel function, and as possible scaf-
folds for coordination of signaling pathways.
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yperpolarization-activated cyclic nucleotide-sensitive iso-

form 4 (HCN4) channels play a key role in determining
membrane potential in excitable cells throughout the body. Perhaps
best known as the molecular basis of the funny current (If), which is
critical for cardiac pacemaking in sinoatrial node myocytes (1),
HCN4 channels are also important for the burst firing of thala-
mocortical neurons that mediates wakefulness (2, 3).

Direct binding of cAMP to a conserved, C-terminal cyclic
nucleotide-binding domain (CNBD) potentiates HCN channel
opening by shifting the voltage dependence of activation to more
depolarized potentials, speeding activation, and slowing de-
activation (4-6). In cardiac pacemaker cells of the sinoatrial
node (SAN), an increase in I in response to cAMP contributes
to an increase in action potential (AP) firing rate and conse-
quently, heart rate (7, 8). In thalamic and central neurons, HCN
channel activation by cAMP depolarizes resting membrane po-
tential, reduces membrane resistance, and increases tonic firing
(3, 9). Conversely, reduction of HCN channel currents via ge-
netic knockout, pharmacological blockers, or inhibitory regula-
tors leads to reduced action potential firing rate and dysrhythmia
in the SAN (10-12) and altered ratios of tonic and burst firing in
thalamocortical neurons, which are associated with transitions
between sleep and wakefulness (3, 9, 13).

We previously discovered that the cyclic nucleotide-dependent
shift in the activation of HCN4 depends on the|cellular context

WWww.pnas.org/cgi/doi/10.,1073/pnas.2006238117

(14). When HCN4 is expressed in HEK293 cells, it exhibits the
canonical depolarizing shift in voltage dependence in response to
cAMP. However, we found that when HCN4 is expressed in
Chinese hamster ovary (CHO) cells, channel activation is con-
stitutively shifted to more depolarized membrane potentials and
is no longer affected by cAMP. Moreover, the constitutive acti-
vation of HCN4 in CHO cells is specific to the HCN4 isoform;
HCN2 retains a large cAMP-dependent shift in voltage de-
pendence (14). We hypothesized that this “CHO effect” is due to
expression of an endogenous, isoform-specific modulator of
HCN4 and not basal phosphorylation (15) or high cAMP levels
because it persists even in excised inside-out membrane patches
where cAMP is absent (14) and phosphorylation is typically
transient (16).

While the pore-forming subunits of ion channels can produce
currents when expressed alone in heterologous systems, ion
channels in native cells typically function within macromolecular
complexes that include auxiliary subunits and interacting pro-
teins that can dramatically alter channel function. For example,
sodium channel p-subunits regulate trafficking and inactivation
gating in neurons (17); calcium channel B-subunits mediate
functional associations with ryanodine receptors in skeletal
muscle (18, 19); and the Ky/7.1 subunit, KCNEI1 (minK) is nec-
essary for the sluggish kinetics of the slow-delayed rectifier po-
tassium current in cardiac myocytes (20). Endogenous channels
and interacting proteins in heterologous expression systems have
also been shown to alter properties of transfected proteins. For
example, endogenous expression of Kyf2.1 in CHO cells changes
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the voltage dependence of Ky1.5 (21), and endogenous expression
of a Ky/7 homolog in Xenopus laevis oocytes confounded early in-
terpretation of the function of the minK subunit (22, 23).

Aside from cAMP, HCN channels are regulated by a plethora
of other factors (24). These include filamin A, which alters
HCN1 expression in neurons (25); PIP2, which potentiates
opening of all HCN channel isoforms (26, 27); SAP97, which
alters trafficking of HCN2 and HCN4 (28); and Src tyrosine
kinase, which associates with HCN2 and HCN4 to potentiate
channel opening (29, 30). One of the best-studied regulators of
HCN channels is the neural-specific accessory subunit, TRIP8b
(31). TRIP8b interacts with HCN1, HCN2, and HCN4 at two
conserved C-terminal sites to alter channel expression and de-
crease CAMP sensitivity (31-36). However, TRIP8b is unlikely to
account for the lack of HCN4 sensitivity in CHO cells because it
is not specific for the HCN4 isoform (14, 31, 32).

In the present paper, we used the isoform-specific regulation
of HCN4 in CHO cells as a starting point for the discovery of two
HCN4-specific regulatory proteins. Using mass spectrometry and
Western blotting, we identify lymphoid-restricted membrane
protein (LRMP, also known as JAW1) and inositol 1,4,5-tri-
sphoshate receptor-associated guanylate kinase substrate
(IRAG, also known as MRVI1 or JAW1L) as HCN4 interaction
partners. We show that LRMP and IRAG are HCN4 isoform-
specific regulators that have opposing effects on channel gating:
LRMP reduces the cAMP sensitivity of HCN4 activation, while
IRAG shifts HCN4 activation to more depolarized potentials in
the absence of cAMP. In contrast to TRIP8b which competes
with cAMP and changes surface expression (31, 33, 36), neither
LRMP nor IRAG prevent cAMP binding or change channel
current density, suggesting that they act via novel regulatory
mechanisms. We also show that IRAG is expressed at a high
level in the SAN, where our computer modeling predicts that its
presence increases Ir. LRMP and IRAG are similarly expected to
play important roles in regulating cellular excitability throughout
the body, and they may form links between the endoplasmic
reticulum (ER) and plasma membrane (PM) that could co-
ordinate intracellular signaling and calcium release with HCN4
channel current.

Results

LRMP and IRAG Are HCN4 Channel Interaction Partners. We first
sought to identify novel candidate HCN4-interacting proteins
that are differentially expressed in CHO and HEK cells. Silver-
stained gels of HCN4 immunoprecipitates from both cell lines
showed several bands that may represent cell type-specific in-
teraction partners of HCN4 (Fig. 14). Both the whole-cell lysate
and the band at ~70 kDa in the CHO cell immunoprecipitate
(IP) were sequenced by nano-flow reverse-phase liquid chro-
matography mass spectrometry to identify potential interaction
partners. From the candidates, lymphoid-restricted membrane
protein (LRMP) was selected for further study because it
appeared as a hit in both samples and because it had previously
been identified in a genomewide association study (GWAS) as a
locus related to resting heart rate (37). Human LRMP is a
555-residue protein containing a cytoplasmic coiled-coil domain
and a C-terminal transmembrane domain that is believed to
anchor it to the ER membrane (Fig. 1B) (38, 39). We sub-
sequently identified inositol trisphosphate receptor-associated
guanylate kinase substrate (IRAG) as a homolog of LRMP.
Human IRAG is a 904-residue protein (mouse IRAG is 899
residues) that, like LRMP, has a cytoplasmic coiled-coil domain
and a C-terminal ER membrane anchor domain (Fig. 1B) (40).
IRAG has been implicated in blood pressure regulation, with
one study in mice noting that IRAG knockdown leads to a de-
crease in resting heart rate (41). Both LRMP and IRAG have
previously been shown to interact with IP3 receptors to regulate
intracellular Ca* signaling (42, 43).
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We compared the levels of endogenous LRMP and IRAG
transcripts in CHO- and HEK-HCN4 stable cell lines using
qPCR. Compared to HEK cells, CHO cells expressed signifi-
cantly greater levels of endogenous LRMP and IRAG transcripts
(P = 0.0241 and P = 0.0019, respectively; Fig. 1C and SI Ap-
pendix, Table S1); endogenous IRAG transcript was ~14-fold
greater in CHO cells than HEK cells and LRMP transcript
was ~20-fold greater.

To confirm a physical association between HCN4 and both
LRMP and IRAG, we transfected a HEK-HCN4 cell line with
LRMP or IRAG constructs with N-terminal Myc tags. We then
immunoprecipitated HCN4 and probed the eluates with an anti-
Myc antibody. Myc-LRMP and Myc-IRAG were detected in
HCN4 immunoprecipitates in each of three independent ex-
periments but no Myc labeling was seen in IPs from cells
transfected with only the empty pCDNA3.1 plasmid (Fig. 1D).
We also confirmed that the anti-Myc antibody was specific for
both tagged constructs and did not bind to similar weight en-
dogenous bands (SI Appendix, Fig. S14). Taken together, these
results show that both LRMP and IRAG associate with HCN4
and that their transcripts are up-regulated in CHO cells com-
pared to HEK cells. Based on these data and the clear differ-
ences in HCN4 function between CHO and HEK cells, we next
asked whether LRMP and IRAG functionally alter currents
through the HCN4 channel.

LRMP and IRAG Have Opposing Effects on HCN4 Function. To define
the functional effects of LRMP and IRAG on HCN4 channel
gating, we performed whole-cell patch-clamp experiments in
HEK cells stably expressing HCN4 (SI Appendix, Table S2).
Representative HCN4 currents in the absence or presence of
LRMP or IRAG, and with and without 1 mM cAMP are shown
in Fig. 24. As expected, addition of 1 mM cAMP to the re-
cording pipette in the absence of LRMP or IRAG significantly
shifted the midpoint activation voltage (V1,2) of HCN4 channels
to more depolarized membrane potentials, as assessed by
Boltzmann fits of average conductance-voltage relations (P <
0.0001; Fig. 2 B-D).

In the absence of cAMP, LRMP had no effect on the V;,, of
HCN4 (P = 0.3709; Fig. 2 B and D). However, the presence of
LRMP reduced the cAMP-dependent shift in channel activation;
with 1 mM cAMP in the patch pipette, the Vy, of HCN4 was
significantly more hyperpolarized in the presence of LRMP
versus the absence of LRMP (P = 0.0113; Fig. 2 B and D). Thus,
LRMP causes a loss of function (LOF) of HCN4 by reducing the
cAMP-dependent shift in the V,,; from ~13 mV to ~5 mV. In
contrast to LRMP, IRAG significantly shifted the basal Vy,, by
~7 mV to more depolarized potentials in the absence of cAMP
(P = 0.0006; Fig. 2 C and D). IRAG expression did not signifi-
cantly change the V,,, in the presence of cAMP (P = 0.2978;
Fig. 2 C and D). Thus, like LRMP, the presence of IRAG re-
duces the cAMP-dependent shift in HCN4 to ~5 mV; however,
in the case of IRAG the reduction is due to an IRAG-dependent
gain of function (GOF) that preshifts the V,, to more depo-
larized potentials in the absence of cAMP. We obtained similar
results with N-terminal Myc-tagged LRMP and IRAG con-
structs, confirming the above findings and demonstrating that a
small N-terminal tag does not interfere with the ability of either
LRMP or IRAG to regulate HCN4 (SI Appendix, Fig. S2).

Importantly, neither LRMP nor IRAG significantly altered
the current density of HCN4 at —150 mV in either the absence
(P = 0.5021 and P = 0.8307, respectively; Fig. 1E) or presence
(P = 0.4057 and P = 0.1436, respectively; Fig. 1E) of cAMP.
Thus, while LRMP and IRAG modulate HCN4 gating, they
differ from the well-studied HCN4 accessory protein, TRIP8b,
which also alters channel trafficking to the membrane (31, 33-35),
suggesting that they act via different sites and mechanisms.

Peters et al.
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Fig. 1. Identification of LRMP and IRAG as HCN4 interaction partners. (A) Silver-stained gel showing proteins that were coimmunoprecipitated with HCN4
from CHO and HEK cell extracts. The box at ~70 kDa indicates a potential CHO-specific HCN4-interacting protein that was sequenced using mass spectroscopy.
(B) Schematic illustrations of murine LRMP and IRAG domain structures, showing the relative sizes of the coiled-coil domains, ER transmembrane domains, ER
luminal domains, and, in IRAG, the IP3 receptor interaction domain (residues 521 to 561). (C) Relative mRNA abundance of LRMP (red) and IRAG (blue) in CHO
and HEK cells as measured by qPCR. Data were normalized to 18S ribosomal RNA abundance and are plotted relative to LRMP abundance in HEK cells. All
error bars are SEM. Data are from a minimum of two technical replicates of three independent biological samples. (D) Western blot of anti-Myc staining of
extracts of HEK293 cells stably expressing HCN4 and transiently transfected with Myc-LRMP, Myc-IRAG, or pCDNA3.1. Red boxes show the Myc-LRMP and Myc-
IRAG bands. Cell lysates were immunoprecipitated with rabbit anti-HCN4 antibodies. All panels are from the same blot with lanes removed for clarity.
Representative of three independent blots. WE, whole extract; S, supernatant; IP, HCN4 immunoprecipitate.

LRMP and IRAG Do Not Prevent cAMP Binding to the CNBD. To gain
further insight into the mechanisms of action of LRMP and
IRAG, we examined the ability of cAMP to increase the rate of
activation and decrease the rate of deactivation of HCN4 as a
proxy for the ability of cAMP to bind to the CNBD. We de-
termined the time course of HCN4 activation by measuring the
time to half-maximal current during hyperpolarizing pulses
to —150 mV and fit the deactivation time course at —50 mV to an
exponential decay to determine deactivation time constants (S/
Appendix, Table S3). As expected, 1 mM cAMP significantly
sped the rate of channel activation for HCN4 alone at —150 mV
(P < 0.0001; Fig. 3 A1 and B). This effect was preserved, albeit
diminished, in cells transfected with LRMP or IRAG (P = 0.0212
and P = 0.0214, respectively; Fig. 3 42, A3, and B). Transfection
of LRMP did not significantly alter the kinetics of activation
at —150 mV in the absence or presence of cCAMP compared to
control (P = 0.1390 and P = 0.0836, respectively). Transfection
of IRAG significantly accelerated channel activation at —150 mV
compared to control in the absence of cAMP, but not when
1 mM cAMP was present in the recording pipette (P = 0.0048
and P = 0.6079). The increase in the rate of activation in the
presence of IRAG and absence of cAMP can be explained by the
+7 mV shift in the basal Vi, of IRAG-transfected cells
(Fig. 2C)—when the rates of activation measured in IRAG-
transfected cells are shifted to 7 mV more hyperpolarized po-
tentials to account for the shift in midpoint, the predicted time to
half-maximal activation at —150 mV is 398 ms, similar to the
372 ms in the absence of IRAG.

Peters et al.

We next examined cAMP-dependent slowing of deactivation.
As expected, the presence of cAMP significantly slowed the
deactivation time constant for HCN4 at —50 mV (P < 0.0001;
Fig. 3 A1 and C). A similar, significant cAMP-dependent slowing
of deactivation was still present when either LRMP or IRAG was
transfected (P = 0.0028 and P < 0.0001, respectively; Fig. 3 A2,
A3, and C). Neither LRMP nor IRAG affected the rate of de-
activation at —50 mV in the absence of cAMP (P = 0.2619 and
P =0.3492, respectively; Fig. 3C) or the presence of cAMP (P =
0.8234 and P = 0.3051, respectively; Fig. 3C). These data indicate
that LRMP and IRAG do not act by preventing cAMP binding
to the CNBD.

LRMP and IRAG Are Isoform-Specific Modulators of HCN4. We next
asked whether LRMP or IRAG are specific for the HCN4 iso-
form or whether they can also regulate HCN1 or HCN2 chan-
nels. We performed whole-cell patch-clamp experiments on
HEK cells transiently transfected with either HCN1 or HCN2 (S7
Appendix, Table S4). Neither LRMP (Fig. 44) nor IRAG
(Fig. 4C) significantly altered the V;,, of channel activation of
HCNT1 in the absence of cCAMP (P = 0.3579 and P = 0.2411,
respectively; Fig. 4E). As previously reported, the presence of
1 mM cAMP in the recording pipette did not significantly shift
the midpoint of activation of HCN1 (44), and the channels
remained insensitive to cAMP in the presence of LRMP or
IRAG (P > 0.2694 for all conditions; Fig. 4E). As expected,
the presence of 1 mM intracellular cAMP dramatically
shifted HCN2 activation toward more depolarized potentials

PNAS | July 28,2020 | vol. 117 | no.30 | 18081
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LRMP and IRAG have opposing effects on HCN4 function. (A7-A6) Representative whole-cell HCN4 currents from HEK cells in the absence or presence

of LRMP or IRAG with or without 1 mM cAMP in the patch pipette. Currents were elicited with 3-s hyperpolarizations to membrane potentials
between —50 mV and —150 mV in 10-mV increments followed by 3-s pulses to —50 mV. Red traces are the currents at —110 mV. (B and C) Average
conductance-voltage (GV) relationships for HCN4 in control conditions (black), the presence of LRMP (red), or the presence of IRAG (blue). GVs in the presence
of 1 mM cAMP are shown by open symbols. Error bars in this and subsequent panels are SEM, n = 14 to 22 (see D). Control HCN4 data in C are the same as
those in B. (D) Average V1, values for HCN4 in HEK cells in the absence or presence of LRMP (red) or IRAG (blue) and 1 mM cAMP (open). Each individual
observation is plotted as a circle. Number of observations for each dataset is given in parentheses. Averages (+ SEM) are plotted as squares. (E) Average
current density in response to a 3-s step to —150 mV of HCN4 in HEK cells in the absence or presence of LRMP, IRAG, and cAMP using the same color scheme as
D. * indicates P < 0.05 between two means (see text for P values). ? indicates that the cAMP-dependent shift in the presence of LRMP or IRAG is significantly

different from the corresponding shift in control.
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Fig. 3. LRMP and IRAG do not prevent cAMP binding to the CNBD. (A7-A3) Representative current traces of HCN4 in the absence or presence of LRMP or
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(P < 0.0001; Fig. 4F). The presence of LRMP (Fig. 4B) or IRAG
(Fig. 4D) did not change this sensitivity or alter the V;,, of HCN2
in the absence or presence of cAMP (P > 0.3715 for all condi-
tions; Fig. 4F). These data indicate that both LRMP and IRAG
are specific for the HCN4 isoform, reminiscent of the effect in
CHO cells, where HCN4 channels are insensitive to cAMP, while
HCN2 channels respond normally.

Endogenous LRMP Is Responsible for the Lack of cAMP Sensitivity in
CHO Cells. As LRMP was detected as a potential endogenous
HCN4-interacting protein in CHO cells, we used CRISPR
knockdown of LRMP and IRAG to determine whether they are
sufficient to account for the CHO effect [i.e., the depolarized
basal Vy,, and lack of cAMP sensitivity of HCN4 in CHO cells
(14); SI Appendix, Table S4]. Transfection of CHO cells with a
control CRISPR without a gRNA did not alter HCN4 channel
activation in either the absence or presence of cAMP, and the
channels remained insensitive to cCAMP in the CHO cell context
(P = 0.1886 and P = 0.2412, respectively; Fig. 54). CRISPR-
mediated knockdown of endogenous LRMP in CHO cells
caused a significant hyperpolarizing shift in the midpoint of
HCN4 activation in the absence of cAMP compared to cells
transfected with the blank CRISPR plasmid (P = 0.0046; Fig. 5 B
and D). Furthermore, the knockdown of LRMP in CHO cells
restored a significant, ~13.2-mV depolarizing shift in the V;,, for
HCN4 in response to cAMP (P < 0.0001; Fig. 5 B and D). The
magnitude of shift with LRMP knockdown is similar to the shift
seen in HEK cells (Fig. 24). In contrast, transfection of plasmids
to knockdown endogenous IRAG did not significantly shift the
Vy,, for HCN4 compared to cells transfected with the blank
CRISPR plasmid in either the absence or presence of cAMP
(P =0.4605 and P = 0.7603, respectively; Fig. 5 C and D). Thus,
endogenous LRMP in CHO cells not only reduces the cAMP-
dependent shift in HCN4 activation but also shifts the V;, to
more depolarized potentials in the absence of cCAMP. These data
suggest that LRMP accounts for the majority of the CHO effect
on HCN4.

Peters et al.

LRMP and IRAG Transcripts and IRAG Protein Are Expressed in the
Mouse Sinoatrial Node. As an indication of a potential role for
LRMP or IRAG modulation of HCN4 in native cells, we next
assessed whether LRMP or IRAG are expressed in the SAN,
which is known to have high expression of HCN4. We used
gqPCR to measure transcript levels of HCN4, LRMP, and IRAG
in SAN tissue (Fig. 64). We found that IRAG is abundantly
expressed in the SAN, at levels not significantly different from
those of HCN4 (P = 0.4569). LRMP transcript was expressed at
nonnegligible levels, but the mRNA abundance was significantly
lower than for HCN4 or IRAG (P < 0.0001 and P = 0.0005,
respectively).

We then assessed IRAG protein expression in isolated SAN
tissue by Western blotting. Liver protein was used as a negative
control based on the low level of mRNA reported in previous
RNASeq datasets in the Human Protein Atlas (45). We vali-
dated the anti-IRAG antibody by showing that it specifically
bound to mouse IRAG and not to endogenous proteins in
transfected HEK cells (SI Appendix, Fig. S1B). Unfortunately,
the commercially available LRMP antibodies were found to be
nonspecific. IRAG protein expression was found to be similar in
homogenates of mouse SAN, left atrium, and ventricle, but was
absent in the liver (Fig. 5B). IRAG, therefore, may be capable of
modulating HCN4 function in the SAN where both proteins are
abundantly expressed.

IRAG Expression Is Predicted to Increase I; in Sinoatrial Myocytes. As
IRAG leads to an increase in HCN4 activity and is expressed
within the SAN, we used a previously proposed model of I¢
(Fig. 6C) to predict the effect of IRAG expression on Iy in mouse
sinoatrial myocytes (46). We scaled the time constants and
steady-state activation of the model to fit conductance-voltage
relationships of Iy from mouse sinoatrial myocytes previously
reported by our laboratory (Fig. 6D) (47). We then created two
models to predict the range of effects that IRAG could have on
It. IRAG overexpression or IRAG knockout were incorporated
as 6- to 7-mV voltage shifts in the steady-state activation and
time constants of activation and deactivation to replicate the
magnitude of effect seen in HEK cells (Materials and Methods).
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When stimulated with action potential waveforms previously
recorded from mouse sinoatrial myocytes in our laboratory, the
simulated IRAG overexpression increased both the inward Ig
active during the diastolic depolarization phase and the outward
It during the AP upstroke, while the simulated knockout of
IRAG reduced I (Fig. 6E). The physiological effects of IRAG
are likely to be bounded by this range. As we have already shown
that IRAG is expressed in the sinoatrial node (Fig. 6 A and B),
we expect that it contributes to a relatively depolarized V), of I¢
in sinoatrial myocytes, consistent with studies in an IRAG
knockdown mouse that show a decrease in resting heart rate
(41). Since I; is an important determinant of the diastolic de-
polarization rate and heart rate (48), these data predict that
IRAG plays a physiologically relevant role in defining the mag-
nitude of Iy and, consequently, heart rate.

Discussion

In this paper we identify LRMP and IRAG as two isoform-
specific modulators of HCN4. Although LRMP and IRAG are
homologs and both physically associate with HCN4, they exert

Peters et al.

opposing effects on the channels. LRMP causes a loss of HCN4
function by reducing the cAMP-dependent shift in the voltage
dependence of activation, whereas IRAG causes a GOF by
shifting the activation of HCN4 to more depolarized potentials
in the absence of cAMP. Moreover, LRMP and IRAG appear to
act by unique mechanisms compared to other HCN channel
regulators, such as TRIP8b, in that they do not compete with
cAMP for binding to the CNBD, affect current density, or reg-
ulate other HCN isoforms. We also found that IRAG is
expressed at high levels in the SAN where its regulation of
HCN4 is predicted to play a physiologically relevant role in
modulating .

LRMP Is the CHO Factor. Consistent with our original identification
of LRMP in HCN4 immunoprecipitates from CHO cells (Fig. 1),
we found that LRMP transcript is expressed at much higher
levels in CHO cells than in HEK cells. When LRMP is knocked
out using CRISPR-Cas9 and targeted gRNAs, the CHO effect
is removed and HCN4 again responds normally to cAMP.
This indicates that LRMP is a key factor in disrupting the
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cAMP-dependent shift in HCN4 activation in CHO cells. The
lack of effect from the IRAG knockout in CHO cells was sur-
prising given that it is expressed as abundantly as LRMP at the
transcript level; it is possible that the IRAG transcript expres-
sion in CHO cells does not correlate with protein expression
(49). In total, these data underscore the point that heterologous
expression systems are not blank slates. Endogenous expression
of subunits and regulators can cause dramatic differences in ion
channel function between expression systems (20, 21), in much
the same way that they do between cell types within the body.

Importantly, our identification of LRMP does not preempt the
existence of other endogenous regulators of HCN4 in CHO cells.
Our immunoprecipitation experiments (Fig. 14) also show bands
at ~35, 55, and 130 kDa we have yet to account for. Further-
more, our results do not explain why LRMP also causes a shift in
the basal V,, of HCN4 in CHO cells in addition to the decrease
in sensitivity to cAMP that is also seen in HEK cells. It is possible
that this effect is due to the presence of other endogenous
proteins or differences in the phosphorylation status of HCN4 or
associated proteins in CHO and HEK cells. Indeed, preliminary
results from our laboratory suggest some differences in the re-
sponse of HCN4 to alkaline phosphatase between CHO and
HEK cells (50).

The stoichiometry between LRMP and HCN4 will need to be
determined in the future. As the endogenous LRMP in CHO
cells is likely present at a lower level than the overexpressed
HCN4, we hypothesize that LRMP may be able to exert its ef-
fects with fewer than four LRMP molecules per tetrameric
channel. Unfortunately, the lack of a specific LRMP antibody
prevents us from evaluating the endogenous protein level or the
degree of knockdown at this time.

LRMP and IRAG Have Opposing Effects. Despite the fact that LRMP
and IRAG both immunoprecipitate with and modulate HCN4,
they do not act in the same manner. LRMP causes a LOF by
reducing the depolarizing shift in V;, caused by cAMP while
IRAG causes a GOF by shifting channel activation to more
positive potentials in the absence of cAMP. One possible model
is that both homologs bind HCN4 via a common interaction site
that tethers LRMP and IRAG to the channel. In such a model,
LRMP and IRAG would then exert opposing effects on channel
gating via different effector sites. While LRMP and IRAG share
coiled-coil and ER transmembrane domains, they diverge con-
siderably in the length and sequence of the cytoplasmic domains
that are N terminal to the coiled-coil domain (Fig. 1B). In-
terestingly, although small Myc tags were tolerated on the N
terminals of LRMP and IRAG (SI Appendix, Fig. S2), when a
larger GFP tag was added to the N terminus of LRMP, the
protein expressed, but no longer had a functional effect on
HCN4 (SI Appendix, Table S2). Based on these observations, we
hypothesize that LRMP and IRAG exert their effects on HCN4
via different sites that lie toward the N-terminal domains of
the proteins.

Our results do not establish whether LRMP or IRAG act by
binding directly to HCN4 channels or if they may act indirectly,
for example through an intermediary protein or second mes-
senger system. However, we consider a direct mechanism most
likely for a number of reasons. First, in the whole-cell patch-
clamp configuration with EGTA in the recording pipette,
calcium-dependent signaling—for example due to intracellular
release from IP; receptors (42)—is expected to be limited. Sec-
ond, the CHO cell effect, which is mediated by LRMP, persists in
excised inside-out membrane patches where ion and second
messenger concentrations are controlled and effects such as
phosphorylation are typically transient (14, 16). And finally, the
opposing effects of LRMP and IRAG on HCN4 function would
necessitate either expression of the same sets of different second
messenger systems in CHO and HEK cells or different effects of
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a single system on the same target. Given this reasoning and that
both LRMP and IRAG can coimmunoprecipitate with HCN4, a
direct mechanism of action seems most plausible

LRMP and IRAG Likely Interact with Unique Sequences in Distal N and/
or C Terminals of HCN4. Although LRMP and IRAG alter the
cAMP-dependent shifts in the voltage dependence of HCN4
activation, cAMP still slows the channel deactivation rate
(Fig. 3). This indicates that cAMP can still bind to the CNBD
even in the presence of LRMP or IRAG. The lack of competi-
tion with cAMP contrasts LRMP and IRAG to the well-known
HCN channel accessory protein, TRIP8b, which decreases
cAMP sensitivity in all HCN isoforms through a mechanism that
is at least partially competitive and involves direct binding of
TRIP8b to the CNBD (32, 34-36). In the case of TRIP8b, these
effects are further stabilized by a second interaction at a con-
served SNL sequence in the C terminus that, depending on splice
variant, can increase or decrease HCN channel expression on the
plasma membrane (33-35). This marks another difference be-
tween TRIP8b and LRMP and IRAG, which do not alter
channel expression (Fig. 2F).

Importantly, LRMP and IRAG also differ from TRIPSb in
that they are specific for the HCN4 isoform (31-33). Consistent
with our previous data showing unaltered HCN2 function in
CHO cells (14), neither LRMP nor IRAG alters the function of
HCN1 or HCN2 (Fig. 4). In addition to the lack of competition
with cAMP, the isoform specificity of LRMP and IRAG suggests
that a site of action on HCN4 for these proteins is not likely to be
within the CNBD, the transmembrane region, or the HCN do-
main in the proximal N terminus, because these regions are all
highly conserved across isoforms (S Appendix, Fig. S3). Instead,
LRMP and IRAG may exert their effects at least in part via the
distal N and/or C terminals of HCN4, which are considerably
longer than, and quite divergent from, the corresponding do-
mains of other HCN channels (SI Appendix, Fig. S3). Isoform-
specific regulation of HCN channels via nonconserved N- or
C-terminal sequences is not without precedent; Filamin A in-
teracts with HCN1 downstream of the CNBD at a site that is not
conserved in other HCN isoforms leading to isoform-specific
regulation of membrane trafficking (25).

Given the metabolic cost of producing large proteins, the long,
unique termini of HCN4 are likely to be critical for isoform-
specific channel function and regulation. In human HCN4, the
nonconserved regions of the N and C termini distal to the HCN
and CNBD together comprise 659 amino acids, more than 50%
of the total sequence, and nearly double the length of corre-
sponding regions in HCN1 or HCNZ2. Interestingly, an alternate
transcriptional initiation site that removes the first 25 residues
from HCN4 renders the channels insensitive to cAMP, despite
the fact that cAMP binds to the C terminus (51). Conversely,
truncation of most of the HCN4 channel C terminus at residue
719 restores cAMP sensitivity to HCN4 in CHO cells (14). And
truncation of the nonconserved regions of the N and C termini of
HCN4 shifts the voltage dependence of channel activation to
more hyperpolarized potentials in the absence of cAMP (52).
Given this clear functional importance of the nonconserved re-
gions of the HCN4 N and C termini, these domains represent
rational sites against which future pharmacological agents could
be designed to specifically modulate HCN4 function, for exam-
ple, to control heart rate (53).

Physiological Significance. HCN channels are key regulators of
excitability in cells throughout the body. As one example of the
physiological consequences of LRMP and IRAG modulation of
HCN4 channels, our results support a potential role for IRAG in
regulation of heart rate. It is well established that modulation of
HCN4 and I; in SAN myocytes—through phosphorylation, cyclic
nucleotides, pharmaceuticals, and mutations—alters heart rate
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and can cause bradycardia, tachycardia, and SAN dysfunction (7,
10-12, 15, 54). Our modeling predicts that IRAG expression and
the ensuing depolarized V;,, of I; in the absence of cAMP in-
crease the spontaneous AP firing rate in pacemaker cells, and
thus contribute to a higher intrinsic heart rate. Indeed, this effect
is in agreement with the limited data available from an IRAG
knockdown mouse line, which has a lower resting heart rate (41).
In the case of LRMP, our data suggest that expression in the
SAN would limit increases in I in response to PAR stimulation.
However, the only evidence at present for a role of LRMP in
heart rate regulation is a GWAS study linking loci near LRMP to
resting heart rate variability (37). Ultimately, the physiological
roles of LRMP and IRAG in heart rate regulation will need to be
determined by in-depth studies of sinoatrial myocytes, including
those from the IRAG knockdown mouse line (41).

HCN4 and IRAG are also coexpressed at high levels in tha-
lamocortical neurons (2, 55), where HCN4 is known to be an
important regulator of input resistance, action potential burst
firing, and thalamic and cortical oscillations during active
wakefulness (2, 3). Although the phenotype of a brain-specific
knockout of HCN4 is relatively mild, it is associated with a
slowing of thalamic and cortical oscillations and possibly an in-
crease in anxiety (2, 56). HCN4 loss of function is also implicated
in generalized epilepsies that are characterized by electrical
discharges that are believed to originate in thalamocortical cir-
cuits (57, 58). It will be interesting in future work to determine
the role of IRAG modulation of HCN4 in thalamocortical
neuron function.

Macromolecular Complexes and ER-PM Junctions. As ER membrane
proteins, LRMP and IRAG fall into an important and growing
class of ER proteins that interact with ion channels on the
plasma membrane. These include the ER transmembrane pro-
tein STIM1 that interacts with ORAI1 ion channels to mediate
store-operated calcium release (59) and the junctophilins whose
interactions with L-type calcium channels are critical for
excitation—contraction coupling (60, 61). In SAN myocytes, the
association between IRAG and HCN4 has significant implica-
tions as a potential physical link between two systems known to
be important for spontaneous pacemaker activity: the plasma
membrane HCN4 channels and the proteins that regulate cal-
cium release from intracellular stores in the sarcoplasmic re-
ticulum (62). Both LRMP and IRAG have previously been
shown to associate with IP;Rs, which are ER Ca®" release
channels (42, 43). In SAN myocytes, calcium release through IP;
receptors has a downstream effect in regulating calcium release
through ryanodine receptors (63), which in turn helps drive the
diastolic depolarization of sinoatrial myocytes through the elec-
trogenic sodium—calcium exchanger. In addition to any effects
mediated by interactions between the mature proteins, it is also
possible that LRMP and IRAG might exert effects via cotrans-
lational association with HCN4 that could, for example, induce
posttranslational modification of the nascent HCN4 protein.
These findings also raise the possibility of large, macromo-
lecular protein complexes involving HCN4 channels in SAN
myocytes that may regulate pacemaker activity in response to
nitric oxide (NO). Since IRAG in smooth muscle complexes with
IP; receptors and cGMP kinase If to regulate the release of ER
calcium through IP; receptors in response to NO (42, 55), our
data showing both functional and physical interactions between
IRAG and HCN4 may portend a link between HCN4 channel
activity and NO/cGMP/PKG signaling. The effects of NO on
pacemaker function are not fully understood and are con-
founded by biphasic effects on pacemaker cells and effects on
both branches of the autonomic nervous system (64—66). At the
level of the SAN, NO leads to an increase in I; and heart rate
that is in part due to NO-stimulated increases in cGMP (66, 67).
While, cGMP can directly bind the CNBD of HCN channels, it
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does so at ~10-fold lower affinity compared to cAMP (68). This
suggests an interesting direction for future work examining a
potential interaction of cGMP/PKG signaling with the proteins
underlying sinoatrial pacemaking.

Materials and Methods

Ethical Approval and Animals. This study was carried out in accordance with
the US Animal Welfare Act and the National Research Council’s Guide for the
Care and Use of Laboratory Animals and was conducted according to a
protocol that was approved by the University of Colorado-Anschutz Medical
Campus Institutional Animal Care and Use Committee [protocol no.
84814(06)1E]. Six- to eight-week-old male C57BL/6J mice were obtained from
The Jackson Laboratory (000664). Animals were anesthetized by isofluorane
inhalation and killed under anesthesia by cervical dislocation.

Cell Lines and DNA Constructs. Patch-clamp experiments were performed in
HEK293 cells (ATCC), an HCN4 stable line in HEK293 (generously provided by
Martin Biel’s laboratory, Ludwig-Maximilians Universitat, Munich, Germany)
(69), or an HCN4 stable line in CHO-K1 cells (15). The mouse clone of LRMP in
pCMV6 was purchased from OriGene (MC228229). The mouse variant of
IRAG in pReceiver-M61 was purchased from GeneCopoeia (EX-Mm30453-
M61). All HCN4 experiments were performed in stable cell lines while HCN1
and HCN2 data were collected from transiently transfected cells. Detailed
descriptions of cell culture technique and tranfections can be found in the S/
Appendix section on cell culture.

For coimmunoprecipitation experiments a Myc-tag was added to the
N-terminal end of LRMP or IRAG immediately following the initial methio-
nine. A C-terminal Myc-tagged IRAG clone did not functionally regulate
HCN4 (S Appendix, Table S2), and LRMP is subject to a previously described
posttranslational modification that removes the C-terminal luminal domain
of LRMP (39). As the transfection efficiency of the pReciever-M61 IRAG
vector was low, the Myc-IRAG clone was subcloned into pCDNA3.1 for
coimmunoprecipitation and Western blotting experiments.

LRMP and IRAG Knockdown in CHO Cells. To knockdown endogenous LRMP or
IRAG expression in CHO cells, we used a CRISPR-Cas9 system (70). LRMP- and
IRAG-specific gRNA sequences were cloned into the pSpCas9(BB)-2A-GFP
vector (Addgene, PX458). Two distinct cut sites were used for each IRAG
(XM_027410089.1) and LRMP (XM_027430141.1). Primer sequences are
presented in S/ Appendix, SI Methods.

LRMP and IRAG knockdowns were performed by transient transfection of
both of the appropriate CRISPR plasmids into a CHO cell line stably expressing
HCN4. To exclude an effect of the CRISPR protein itself, control experiments
were performed on CHO cells stably expressing HCN4 transfected with the
pSpCas9(BB)-2A-GFP vector lacking a gRNA sequence.

Patch-Clamp Electrophysiology. For patch-clamp experiments, cells were
plated on sterile, protamine-coated glass coverslips 24 to 48 h prior to ex-
periments. Cells were transferred to a glass-bottom recording chamber and
perfused (~1 mL/min) at room temperature with extracellular recording
solution containing (in mM): 30 KCI, 115 NacCl, 1 MgCl,, 1.8 CaCl,, 5.5 glu-
cose, and 5 Hepes. Transfected cells were identified by green fluorescence.

Patch-clamp recordings used pulled borosilicate glass pipettes with resis-
tances of 1.0 to 2.5 MOhm when filled with intracellular solution containing
(in mM): 130 K-aspartate, 10 NaCl, 1 EGTA, 0.5 MgCl,, 5 Hepes, and 2
MgATP. A total of 1 mM cAMP was added to the intracellular solution for
some experiments as indicated. Data were acquired at 5 KHz and low-pass
filtered at 10 KHz using an Axopatch 200B amplifier, Digidata 1440A A/D
converter, and Clampex software (Molecular Devices). The fast capacitance
component, corresponding to pipette capacitance was compensated in all
experiments. Membrane capacitance and series resistance (Rs) were esti-
mated in whole-cell experiments using 5-mV test pulses. Only cells with
Rs <10 MOhm were analyzed. All data were analyzed in Clampfit 10.7
(Molecular Devices).

Channel activation was estimated from the peak tail current at —50 mV
following 3-s hyperpolarizations to membrane potentials between —50 mV
and —170 mV from a holding potential of 0 mV. Peak tail currents were fit by
a single Boltzmann curve to yield midpoint activation voltages (V1/2) and
slope factors. Channel activation rates were assessed by measuring the time
to half peak current during hyperpolarizing pulses to —150 mV. Channel
deactivation rates were assessed by fitting exponential curves to the decay of tail
currents at =50 mV following hyperpolarizing pulses to between —130 mV
and —150 mV. All experiments and values are corrected for a calculated +14-mV
junction potential.
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gPCR. Isolated SAN or left atrial tissue was homogenized using a bead ho-
mogenizer and total RNA was extracted using QIAzol (Qiagen) and chloro-
form according to the manufacturer’s instructions. RNA samples from heart
tissue and HEK and CHO cell pellets were purified using a RNeasy mini kit
(Qiagen). RNA was reverse transcribed to cDNA using an Applied Biosystems
High-Capacity RNA-to-cDNA kit according to the manufacturer’s instruc-
tions. Two independent reverse transcription reactions were performed for
each RNA sample. gPCR experiments were performed on an ABI 7300 Real-
Time PCR System (Applied Biosystems) using Applied Biological Materials’
BrightGreen qPCR master mix kit or New England BioLabs's Luna Universal
gPCR master mix according to the manufacturer’s instructions. Primer se-
quences are listed in S/ Appendix, SI Methods.

gPCR primers were designed to span exon-exon junctions to prevent
replication of contaminating genomic DNA. gqPCR reactions for each cDNA
prep were run at five different cDNA concentrations between 0.001 ng and
10.0 ng with each primer set. Efficient cDNA doubling was confirmed by
comparing Cq values from control 18S ribosomal RNA reactions across con-
centrations. No-template controls were run for each cDNA-primer combi-
nation to confirm that contamination was not present. Cq values for LRMP,
IRAG, and HCN4 were normalized to 18S Cq values from the same cDNA
prep at each template concentration.

Western Blotting. To test for the presence of IRAG within cardiac tissue,
homogenized murine SAN, left atrial, ventricular, and liver tissues were
Western blotted using anti-IRAG antibodies. To test for physical associations
between HCN4 and either LRMP or IRAG, HEK cells stably expressing HCN4
and transfected with one of pCDNA3.1, Myc-tagged LRMP, or Myc-tagged
IRAG were immunoprecipitated with anti-HCN4 antibodies and Western
blotted with anti-Myc antibodies. The specificity of anti-IRAG and anti-Myc
antibodies was evaluated in Western blots from homogenized transfected
HEK cells. Detailed descriptions of homogenization, coimmunoprecipitation,
electrophoresis, and Western blotting technique can be found in the S/
Appendix section on Western blotting. Specific antibodies used for Western
blotting and coimmunoprecipitation experiments can be found in the S/
Appendix section on antibodies.

Statistics. All statistical analysis was performed using JMP Pro-14 software
(SAS Institute). Comparisons of patch-clamp data from LRMP- or IRAG-
transfected, HCN1-, 2-, or 4-expressing cells were compared to untrans-
fected cells using a two-factor ANOVA with the presence/absence of LRMP
or IRAG and the presence/absence of cAMP as main factors. A differential
effect of CAMP in the presence/absence of LRMP or IRAG was analyzed in the
statistical model as an interaction between the two factors. A two-factor
ANOVA with the same main factors and interaction factor was used to
compare CHO cells transfected with CRISPR alone to those transfected with
CRISPR and gRNAs for LRMP or IRAG. For gPCR data, a one-factor ANOVA
with the measured gene as the main factor was used to test for a difference
in sinoatrial LRMP and IRAG expression compared to HCN4 transcript ex-
pression. Student’s t tests were used to compare IRAG or LRMP expression
between HEK and CHO cells. All time constant values were log transformed
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prior to statistical analysis because log-transformed time constants are
normally distributed. Statistical significance was evaluated at P < 0.05.

All means, SEs, and N values for patch-clamp recordings are provided in S/
Appendix, Tables S2-54.

Is Models. Our I; model was based on that proposed by Verkerk and Wilders
which uses a single activation gate (Fig. 6C) that controls channel opening
and closing (46). Equations used to model the activation gate are:

ay _ Yey)
N G&="5 :
2) Yoo = prravivza

3) Ty = 0.05+ (75.8€0083(V+294) 10,0233 003(V+23.4) )t

where y is the activation gate, y., is the voltage-dependent steady-state
value of the activation gate, 7, is the voltage-dependent time constant of
the activation gate, and V is membrane potential. The model of Is uses a
conductance of 0.224 pS/pF and a reversal potential of —34.8 mV. The wild-
type current model uses the curves proposed by Verkerk and Wilders (46)
that have been shifted along the voltage axis by —29.4 mV to match our
previously recorded data (47). To delineate a possible range of I values, the
IRAG overexpression model shifts both the time constant and steady-state
curves to 7.6 mV more depolarized, the most depolarized we have observed
the l¢ V4, value with maximal isoproterenol stimulation (47). The IRAG
knockout model shifts both the time constant and steady-state curves by
6 mV in the hyperpolarizing direction. These values were chosen to equal a
total range of 13.6 mV between the IRAG knockout model and IRAG over-
expression model (47), which is the range of values we observed for HCN4 in
HEK cells between basal and cAMP-stimulated conditions (Fig. 2). I currents
from all three models were stimulated using either a 3-s square hyper-
polarizing pulse to recapitulate the activation voltage dependence or a
mouse sinoatrial myocyte action potential voltage waveform recorded
within our laboratory. All calculations were performed in Python 3.7 using a
forward Euler method with a 200-ps time step.

Sequence Alignments. Sequence alignments of HCN1 (060741), HCN2
(Q9UL51), and HCN4 (Q9Y3Q4) were generated using Clustal Omega (71) and
Jalview (72). Labeling of transmembrane domains is based on the cryo-EM
structure of HCN1 (73).

Data Availability. All data and protocols in this paper are available in the text,
figures, and S/ Appendix.
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