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Summary:

The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) is a chloride channel central
to the development of secretory diarrhea and cystic fibrosis. The oldest CFTR ortholog identified
is from dogfish shark which retains similar structural and functional characteristics to the
mammalian protein, thereby highlighting CFTR’s critical role in regulating epithelial ion transport
in vertebrates. However, the identification of an early CFTR ortholog with altered structure/
function would provide critical insight into the evolution of epithelial anion transport. Here, we
describe the earliest known CFTR, expressed in sea lamprey (Petromyzon marinus), with unique
structural features, activation/inhibition kinetics, and altered single channel conductance compared
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to human CFTR. Our data provide the earliest evolutionary evidence of CFTR, offering insight
regarding changes in gene and protein structure that underpin evolution from transporter to anion
channel. Importantly, these data provide a unique platform to enhance our understanding of
vertebrate phylogeny over a critical period of evolutionary expansion.
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CFTR is the only member of the ABC transporter superfamily with ion channel function. Here,
Cui et al. provide the earliest evidence of CFTR in lamprey with altered genetic, structural, and
functional features compared to recent orthologs, providing key insights into the evolution of
function from transporter to anion channel.
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Introduction:

The ATP binding cassette (ABC) superfamily is an ancient class of transporters which is
ubiquitously expressed in cells and whose members transport an array of substrate across
membranes(Wilkens, 2015). This superfamily is found in both prokaryotes and eukaryotes,
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playing central roles in fundamental cellular functions(Linton, 2007). One of the most recent
evolutionary members of the ABC superfamily is the cystic fibrosis transmembrane
conductance regulator (CFTR) (Dean and Annilo, 2005). Rather than bearing known
function as a transporter, per se, CFTR (ABCC7) is unique in functioning as an ATP-gated
chloride channel in the epithelia of a variety of organs (Li et al., 2007) and is the only
member with an expanded regulatory (R) domain bearing consensus sites for protein kinase
A- (PKA-) dependent phosphorylation (Sheppard and Welsh, 1999). Excessive CFTR
activation via toxins in the gastrointestinal tract is critical to the development of a
devastating secretory diarrhea observed in cholera, a major cause of worldwide morbidity
and mortality(Clemens et al., 2017). In contrast, loss of function mutations in CFTR are
associated with cystic fibrosis (CF), which impacts epithelial function in a variety of
organs(Rowe et al., 2005). In humans, loss of CFTR function leads to defects in lung
mucociliary transport that result in bacterial colonization, airway inflammation,
bronchiectasis, and eventual respiratory failure(Mall and Hartl, 2014).

The physiology of clinical secretory diarrhea and CF underscore the importance of CFTR in
maintenance of epithelial homeostasis. Recent models of mutant CFTR in other mammalian
systems validate the critical role of CFTR in epithelial function(Fisher et al., 2011). CFTR
orthologs have been found in a variety of pre-mammalian organisms including amphibians
and bony fish(Sebastian et al., 2013). To date, the oldest validated CFTR ortholog is that of
the dogfish shark (arising ~150 million years ago (MYA)) where it is heavily expressed and
active in the distal bowel(Marshall et al., 1991). This CFTR ortholog arose after an
important gene duplication event in the vertebrate lineage(\VVandepoele et al., 2004), likely
from an ancient ABCC4 transporter(Jordan et al., 2008), suggesting the possibility that
functional CFTR may only be found in gnathostomes. However, the recent discovery of
putative ABCC sequences in sea lamprey indicates the potential for CFTR to pre-date this
critical window of vertebrate evolution and the gnathostome branch(Ren et al., 2015). In this
study, we examine an ancient CFTR ortholog found in sea lamprey, which harbors key
structural and functional characteristics and highlight both differences and similarities from
jawed vertebrate CFTR.

Lamprey CFTR diverges in sequence from other CFTRs, lacking both PKA-dependent
phosphorylation sites and the canonical phenylalanine 508 residue

We generated two independent lamprey CFTR (Lp-CFTR) cDNA clones (expressed from
each allele) using total pooled RNA from lamprey intestine tissue. Each cDNA clone bears a
number of distinct SNPs relative to a published putative sequence (Ren et al., 2015). Two
amino acid differences were observed between the three lamprey sequences examined here
(Figure 1A), with >99% DNA identity overall. Sequence analysis indicates 72% identity and
85% homology in amino acid sequence between dogfish shark and human orthologs
(Marshall et al., 1991) and 46% identity and 65% homology between lamprey and human
orthologs (Figure 1B). Of note, Lp-CFTR displayed an extended 23 amino acid N-terminal
sequence and did not exhibit an otherwise invariant phenylalanine at the position equivalent
to F508 in human CFTR (hCFTR), which is deleted in a majority of CF patients(Rowe et al.,
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2005). There are also a reduced number of consensus sites for PKA-mediated
phosphorylation in the R domain of Lp-CFTR relative to hCFTR, with eight sites identified
by NMR in hCFTR (Bozoky et al., 2017) and five predicted sites in Lp-CFTR (Figure 1C).
The two inhibitory sites are preserved in the lamprey but two of the sites proposed to play
significant roles in PKA-mediated stimulation, S795 and S813 (Wilkinson et al., 1997), are
not present in the lamprey; the stimulatory site at S700 in hCFTR also is missing in the
lamprey ortholog.

Lamprey CFTR has overall hydropathy similar to that of human CFTR but has notable
changes in predicted pore structure

The human and lamprey CFTR orthologs display similarities in hydropathy (Figure 1D),
indicating potential for the development of a pore in the latter. Utilizing recently published
Cryo-EM structural models of zebrafish and human CFTR proteins in a closed state and
human CFTR in a nearly open state (Liu et al., 2017; Zhang and Chen, 2016; Zhang et al.,
2018), we generated homology models of the lamprey protein in each state (Figure 1E and
Data Figure S1). Lp-CFTR is predicted to fold in a conformation consistent with the location
of the hCFTR pore, including key residues linked to chloride transport lining the pore
(McCarty and Zhang, 2001) and development of a pore structure (Cui et al., 2012; Liu and
Dawson, 2011; Rahman et al., 2013), although neither state is fully open to permeation
(Figure 1F). The structure of Lp-CFTR’s NBD1 appears intact despite the substitution of
leucine for the critical phenylalanine at position 508; this residue is thought to interact with
intracellular loop 4 in hCFTR (Serohijos et al., 2008) (Figure 1G) but replacement with
leucine at this site in hCFTR altered single channel gating, as recently demonstrated (Sorum
etal., 2017).

Both homology models were subjected to molecular dynamics simulations over 100 ns, as
described in Methods. Both hCFTR and Lp-CFTR dynamic models were found to be robust;
hCFTR in the closed state relaxed much more than did the Lp-CFTR homology model
(ARMSD >7.4 A for hCFTR compared to <5 A for Lp-CFTR, relative to their starting
positions) (Figure S1). The distance between centers of mass in the NBDs at the end of the
simulation was ~3.25 A for h\CFTR but >4.5 A for Lp-CFTR in the closed state. Similarly,
NBD-NBD distance at the end of simulation for the nearly open state was ~2.85 A for Lp-
CFTR but <2.8 for hCFTR (Figure 1H). These results are consistent with the interpretation
that Lp-CFTR prefers to adopt a more inward facing conformation than hCFTR, with NBDs
further apart than in hCFTR.

Lamprey CFTR has reduced rate of activation compared to human CFTR, is poorly blocked
by known CFTR inhibitors, and is not stimulated by the CFTR potentiator VX-770

We expressed Lp-CFTR (variant 1) and wild type hCFTR in an oocyte system that roughly
approximates the ambient body temperature of larval sea lamprey (17°C). Using two-
electrode voltage clamp we found that macroscopic currents in Lp-CFTR were activated by
PKA, much like hCFTR, although the rate of activation in whole cell experiments appeared
lower in Lp-CFTR compared to hCFTR (Figure 2A, left panel). Further, by utilizing an ATP
step-down protocol, we observed a notable decrease in steady-state ATP-dependent
activation by Lp-CFTR (Figure S2). Lp-CFTR also demonstrated a reduced sensitivity to the

Dev Cell. Author manuscript; available in PMC 2020 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 5

channel gating inhibitor CFTR|nH172 (Figure 2A, right panel), which was verified utilizing
inside-out oocyte macropatches following activation with ATP and PKA (Figure 2B). Lp-
CFTR also was insensitive to the hCFTR pore blocker GlyH-101, and was only weakly
blocked by the broad-spectrum pore inhibitor NPPB (Figure 2C). In contrast to the results
with CFTR;yn172 and GlyH-101, Lp-CFTR was equally sensitive to blockade by the less
specific CFTR inhibitor, gliblenclamide (Figure 2D). We also examined if a clinically
available CFTR modulator (VX-770), found to potentiate hCFTR, is capable of augmenting
Lp-CFTR function. Figure 2E demonstrates that although hCFTR is potentiated, Lp-CFTR
shows no enhancement of function and in fact was inhibited to a significant degree; this
makes Lp-CFTR the only CFTR ortholog found to be completely insensitive to potentiation
by VX-770 (Cui et al., 2016). A recent structural study identified a potential hotspot for
binding of VVX-770 within transmembrane helix #8 of hCFTR. Mutagenesis studies
combined with a binding assay showed that affinity for VX-770 was affected most by
mutation at residues S308, F312, and F931 (F. Liu et al, 2019). Of these, only F312 is
conserved in Lp-CFTR, suggesting that the failure of VX-770 to potentiate Lp-CFTR may
be due to lost interactions between the compound and the lamprey protein at residues
equivalent to S308 and F931.

Lamprey CFTR demonstrated a notable inward rectification of current, reduced single
channel stability, and altered single channel conductance

Lp-CFTR’s structural and functional features highlighted its potential for a unique current-
voltage relationship. We utilized inside-out macropatch recordings of Lp-CFTR in
symmetrical chloride conditions and demonstrated a notable inward rectification of
macroscopic current relative to hCFTR (Figure 3A), a finding not observed in other CFTR
orthologs. Further, we conducted single channel recording of Lp-CFTR to better assess the
dynamics of this unique channel. We observed that Lp-CFTR had reduced open single
channel stability (Figure 3B), leading to both a significantly reduced mean burst duration
and single-channel amplitude in lamprey versus the human ortholog (Figure 3C).

CFTR is expressed at highest levels in distal gastrointestinal tissue of the sea lamprey

We next inquired if Lp-CFTR was expressed in organs which have been previously shown to
have increased expression of other CFTR orthologs (Rowe et al., 2005). We generated real
time quantitative PCR (RT-gPCR) primers for Lp-CFTR and isolated RNA from lamprey
kidney, gill, and intestine (Figure 4A), demonstrating expression in all tissues but increased
Lp-CFTR in the intestine. We next isolated intestinal tissue from larval lamprey and divided
the tract into 4 equal sections from cephalad (near mouth, termed section 1) to caudad (near
cloacae, termed section 4) from each segment. RT-gPCR demonstrated increased CFTR
RNA expression in section 4 relative to other intestinal regions (Figure 4B). A polyclonal
antibody directed to Lp-CFTR used in Western blot detected a single band in tissues from
section 4 (~150 kDa band, Figure 4C, left panel), consistent with RT-gPCR results and
paralleling CFTR expression observed in the dogfish shark (Marshall et al., 1991) and
human (Strong et al., 1994). We depleted the antibody signal with peptide competition,
demonstrating specificity (Figure 4C, right panel). We also generated transverse sections of
the lamprey Gl tract, identifying key structural features in the caudal portion of the tract
(Aghaallaei et al., 2016) (Figure 4D). Incubation of the unstained sections with the Lp-
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CFTR antibody demonstrated significant staining in Gl tract epithelia which was lost
following peptide competition (Figure 4E).

Discussion

Numerous fundamental questions remain unanswered concerning structure/activity
relationships for CFTR and other ABC transporters. One important question is how CFTR,
which is unique in the ABC superfamily, has evolved to serve as a regulated epithelial ion
channel. Identification of Lp-CFTR as a CFTR ortholog is due to its similarity with known
CFTRs including exhibiting key structural domains (including a putative R-domain),
homology to known CFTRs, and PKA- and ATP-dependent chloride conductance. Despite
these features, Lp-CFTR also exhibits both structural and functional dissimilarity compared
to hCFTR, delineating key evolutionary features that provide insight into development
towards more effective chloride conductance. For example, both hCFTR and Lp-CFTR have
intact ABC signature sequence, Walker A, and Walker B regions in NBD1 and a catalytic
glutamate in NBD2, indicating potential for effective ATP hydrolysis at the first ATP
binding site. However, the NBD2 signature sequence in Lp-CFTR breaks with the conserved
sequence by one residue, and may represent evolutionary transition toward the jawed
vertebrate orthologs, which have two non-conserved residues in this region (Muallem and
Vergani, 2009). Moreover, substitution of leucine in the 508 equivalent position in Lp-CFTR
presents an interesting observation since many ancient ABC transporters (including all
ABCC4 orthologs) have a phenylalanine in this position, as does every known CFTR
ortholog from dogfish shark through human (Figure S3) (Ostedgaard et al., 2007). This
result suggests that the leucine substitution is a lamprey-specific adaptation which may
provide a specific advantage for survival in freshwater.

Lp-CFTR represents a significant departure from the relatively high amino acid identity and
homology observed among CFTR orthologs from jawed vertebrates, suggesting the
possibility of a function independent of anion transport—and more akin to ATP-dependent
solute transport. The homology model of Lp-CFTR in the closed state was compared to the
cryo-EM structure of hCFTR (Liu et al., 2017). Although many key stabilizing interactions
of the pore appear intact in Lp-CFTR (/.e., R347 with D924, R352 with D924, R352 with
D993), others are not present in the pore of Lp-CFTR (e.g., D110 interacting with K892 to
maintain a closed configuration) (Cotten and Welsh, 1999; Cui et al., 2013; Cui et al., 2014;
Infield et al., 2016). These results provide evidence for altered pore dynamics in Lp-CFTR
and serve as background for evolution at key amino acids within the pore observed in later
species, which confer improved pore stability and function. Our single channel results
provide clear evidence that although the Lp-CFTR channel does not open frequently,
channel activation leads to a fully-open state, albeit with greatly reduced single-channel
conductance and open duration.

A recent observation in the human airway has identified ionocytes with markedly increased
expression of CFTR (Montoro et al., 2018; Plasschaert et al., 2018) and suggests the
potential of specific epithelial cell populations which are enriched for Lp-CFTR. Epithelial
cells with high expression in tissues from other species (including fish) raise the possibility
of similar phenomena for CFTR in the lamprey intestine. Future studies would be necessary

Dev Cell. Author manuscript; available in PMC 2020 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 7

to determine whether gene expression signatures in individual lamprey epithelial cells may
delineate Lp-CFTR-rich ionocyte-type populations. Increased Lp-CFTR expression within
the intestinal tract relative to kidney and gill also suggest the possibility that early CFTR
orthologs may have a critical role in both bicarbonate and chloride transport. As case in
point, a recent study (LaRusch et al., 2014) suggested specific residues in hCFTR for which
mutations selectively cause a defect in bicarbonate conductance and are associated with
chronic pancreatitis, without an apparent impact on pulmonary function. Those residues in
hCFTR, termed CFTRBP sites, include: (a) R74, R75, R170, L967, and R1162, in the N-
terminus and intracellular loops (ICLs); (b) L997 and D115 in the pore region; and (c)
S1235 and D1270 on the surface of NBD2. While findings such as these continue to undergo
further assessment, it was of interest to determine whether the same residues are conserved
across evolution from lamprey to human. When we inspected a multiple sequence alignment
for CFTR orthologs from human, mouse, chicken, frog, dogfish shark, and lamprey, six of
nine putative bicarbonate transport-related positions exhibited at least conservation of
biochemical character (e.g., basic charge) if not full identity across all species. Conservation
of numerous CFTREP residues in Lp-CFTR suggests that the lamprey orthologs may play a
role in bicarbonate transport—in addition to chloride secretion—thereby mediating pH
regulation within the intestinal tract.

Lp-CFTR displayed slowed whole-cell activation relative to hCFTR, likely due in part to a
reduced number of sites for PKA-mediated activation. Interestingly, all eight of the hCFTR
R-domain PKA-dependent phosphorylation sites are preserved in the dogfish shark
(Marshall et al., 1991), highlighting a significant increase in the molecular complexity in
CFTR from jawless to jawed vertebrates. The observation that pan-CFTR pore blockers such
as GlyH101 and NPPB are not effective inhibitors of Lp-CFTR underscores its unique pore
architecture, while the inhibition of Lp-CFTR by the broad ABCC/ABCB inhibitor
glibenclamide (Bessadok et al., 2011) suggests that a common structural feature of ABC
proteins has remained intact. Additionally, the strong inward rectification of the Lp-CFTR
makes it unique among known CFTR orthologs and suggests alterations in the charge of
amino acids lining the pore relative to hCFTR. The failure of VX-770 to potentiate Lp-
CFTR at a concentration that has clear effect on hCFTR is interesting, as Lp-CFTR is the
only CFTR ortholog shown to be insensitive to VX-770-mediated potentiation. While it is
not clear how this finding may relate to CFTR evolution, Lp-CFTR may represent a useful
tool for the identification of potentiator binding sites in the human ortholog.

It is known that CFTR—Iike most other eukaryotic gene products—can accommodate point
mutations and maintain physiologic function. Our present studies with lamprey CFTR
substantiate this perspective, but suggest a paradox (Hill et al., 2014; Plyler et al., 2015). In
particular, our finding that a majority (89%) of the SNPs in the three lamprey CFTR coding
sequences (Figure 1a) are synonymous is difficult to reconcile with the traditional viewpoint
of random SNP formation over an evolutionary time frame. Non-synonymous SNPs are
expected to be formed far more frequently on a stochastic basis in the eukaryotic genome,
and the present studies suggest that non-synonymous mutations in CF7TR have had such a
profound effect on survival or reproductive fitness that they have been ‘weeded out’ of the
lamprey CFTR gene pool. Such an assertion is in marked contrast to the well-established
plasticity of human CFTR in vitroand in vivo. These findings therefore point to very robust
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mechanisms driving SNP formation that are distinctly (and predominantly) non-random
(Hill et al., 2014; Plyler et al., 2015).

Our findings delineate the earliest known CFTR ortholog, arising ~450 MYA (Smith et al.,
2013), establishing that CFTR pre-dates the divergence of gnathostomes and likely evolved
from ancient ABCC4 sequences (Figure S4). The lamprey ortholog provides a shapshot of
the molecular evolution of CFTR; key domains are intact, but the channel lacks several
features that are fixed in all jawed vertebrate representatives. Overall phylogenic analyses, as
well as the presence of canonical ABC transporter features, suggest that many differences
between lamprey and jawed vertebrate CFTR are vestiges of evolutionary transition from
organic anion transporter to specialized chloride and bicarbonate channel, while other
characteristics (such as replacement at F508) are more likely to reflect later adaptation to the
specific environment of the organism. These results provide evidence of a similarly activated
but poorly efficient ancient CFTR with altered kinetics and channel properties. As a result,
the identification of Lp-CFTR provides a critical link between ancient ABC transporters and
the hCFTR ortholog, which bears a more highly evolved function as a regulated chloride
channel (Sebastian et al., 2013).

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Amit Gaggar, MD PhD (agaggar@uabmc.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary lamprey tissue—Larval Petromyzon marinus lampreys (M2 development phase,
gender undetermined at this developmental stage), collected by the staff of the U.S.
Geological Survey Hammond Bay Biological Station or by the survey crew of U.S. Fish and
Wildlife Service Ludington Biological Station (Ludington, MI, USA), were kept in plastic
tanks (98 x 54 x 48 cm, length x width x height) with flow-through water. These animals
were transferred to Michigan State University (MSU) where they underwent euthanasia and
dissection. All animal handling procedures were approved by the Institutional Animal Care
and Use Committee at Michigan State University. Primary lamprey kidney, gill, and
alimentary tissue was excised from metamorphic stage 2 (M2, premetamorphic) larval
lampreys (n=17 total animals). Intestines were also further cut into four equal-length
sections, with Section 1 being the most cephalad and the Section 4 the most caudal. Some of
this tissue was fixed and placed in paraffin block for future staining (n=4 lampreys).
Remainder of tissue was either made into lysate in RIPA buffer for Western Blot with
lamprey-directed CFTR antibody (n=6 lampreys) or RNA was extracted and stored in RNA-
Later and then utilized for RT-qPCR (n=7 lampreys).

Lamprey and human CFTR oocyte experiments—Stage V oocytes (from female
Xenopus laevis) were from Xenopusl (Dexter, MI). These oocytes were injected with cRNA
encoding human CFTR (hCFTR) or lamprey CFTR (Lp-CFTR). For single channel and
macropatch recordings 0.01 ng-10 ng cRNA was injected. Experiments were performed 2-4

Dev Cell. Author manuscript; available in PMC 2020 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 9

days following injection. Extracellular solution for inside-out single channel and macropatch
experiments contained (in mM): 150 NMDG-CI, 5 MgCl,, and 10 TES, pH 7.4. Intracellular
solution contained 150 NMDG-CI, 1.1 MgCly, 2 Tris-EGTA, and 10 TES, pH 7.4. hCFTR
and Lp-CFTR were activated with 1 mM Mg ATP and PKA (protein kinase A, 127.6 U/mL;
Promega). Standard two-electrode voltage clamp technique (TEVC) was used for studying
whole oocyte currents. Electrodes were filled with 3M KCI and pipette resistances measured
0.4-1.5 MQ in standard ND96 bath solution that contained (in mM): 96 NaCl, 2 KCI, 1
MgCl,, and 5 HEPES (pH 7.5).

METHOD DETAILS

Cloning lamprey CFTR—Lamprey cDNA was prepared from a total RNA preparation
from intestinal tissue, using Superscript 1V reverse transcriptase (Thermo Fisher) following
manufacturer’s suggested protocol. Full length lamprey CF7R cDNA was PCR amplified
using KOD hot start DNA polymerase (EMD Millipore) per manufacturer’s suggested
protocol. The primer sequences used for PCR were: forward: 5’
ATGCAAGCTTGGATCAGCCGCATGAGTTCAT 3’; reverse: 5’
TTCCACTAGTGATATCTCTAGAGGCTCGCCAACAAAACTG 3’. PCR products were
cloned into the pCR4-blunt TOPO vector (Thermo Fisher). cDNA clones were fully
sequenced and compared to the published putative lamprey ABCC7 (CFTR) sequence
(KM232934).

Predicted CFTR hydropathy—The amino acid sequences for both human and lamprey
CFTR were assessed by ExPasy and used to generate hydropathy plots based on the Kyte-
Dolittle scale.

Development of lamprey CFTR structural model—The model of Lp-CFTR in the
inward facing conformation was built based on the available cryo-EM_structures of human
and zebrafish CFTR (PDB codes: 5UAK and 5UAR, respectively(zZhang and Chen, 2016)’
(Liu et al., 2017)). The sequence of lamprey CFTR was aligned to the templates using the
align2d python script in MODELLER v.9.17(Sali and Blundell, 1993). After visual
inspection of the alignment, models were generated using the default parameters in
MODELLER, except for the degree of MD refinement, which was set to slow MD annealing
(“refine.slow™). The resulting models were ranked according the following parameters: (i)
Discrete optimized protein energy (DOPE) score that was calculated using the evaluate
model python script in MODELLER v.9.17; (ii) the stereochemical quality of the models
that was checked using PROCHECK (Laskowski et al., 1993); and (iii) the backbone RMSD
of the model to the templates. Similar steps were then taken to generate the homology model
of Lp-CFTR in the outward facing conformation, beginning with the available cryo-EM
structure of human CFTR in the phosphorylated, ATP-bound state (PDB code: 6MSM,;
Zhang et al., 2018)

Generation of lamprey-directed CFTR antibody—A peptide sequence of the C-
terminal region of the lamprey (TLRHSIKHISLQE, amino acids 1441-1453, a sequence
unique to Lp-CFTR) was generated and conjugated to KLH. This was injected into rabbits
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and 6 weeks later, rabbit sera were collected and antibody (clone 3813) was affinity purified
(New England Peptide, Boston MA).

Western blot—Tissue lysates from Sections 1 and 4 of lamprey intestine (n=6 lampreys)
were loaded onto nitrocellulose membranes, blocked in TBS (pH 7.4) containing 5% BSA
for 1 h and probed with 2.1 ug/ml anti-lamprey CFTR antibody followed by anti-rabbit IgG.
Immunoblots were then developed using ECL chemiluminescence kits (Pierce). For
antibody depletion experiments, the primary antibody was incubated with recombinant
TLRHSIKHISLQE peptide for 12 hours at 4°C.

Real-time quantitative PCR (RT-gPCR)—Oligonucelotide primers were designed with
consideration of GC repeat density and potential micro-RNA binding sites. RT-qPCR was
performed using the SYBR Green system (ThermoFisher). Each RT-qPCR reaction
contained 2 pul cDNA (40 ng) and 8 ul SYBR Green Universal PCR master mix with forward
and reverse primers (900 nM each). Amplification plots were analyzed using an ABI 7900
HT RT-PCR system (ThermoFisher). 40S ribosomal RNA was used as internal standard and
confirmed not to change in expression level among treatment groups. Sequence for the
standard oligo and primers (underlined) were as follows (Note: the 3’ primer is reverse
complementarity). 5° ACAGAGAAATCTCGCA GTCAGAAAA
CCGCCCCCACCTGCTCACCGCGATTCGGCGGTGCTTCCT3".

Immunohistochemistry of gastrointestinal tissues—Serial sections (5 pm) were cut
from the formalin fixed, paraffin embedded tissue blocks and floated onto charged glass
slides (Super-Frost Plus, Fisher Scientific, Pittsburgh, PA) and followed by drying overnight
at 60°C. Hemotoxylin and eosin (H&E) stained sections were obtained from tissue blocks.
All sections for immunohistochemistry were deparaffinized and hydrated using graded
concentrations of ethanol to deionized water. The tissue sections were subjected to antigen
retrieval by Proteinase K (Sigma cat# P6556, 1:50 dilution in TE-CaCl, buffer pH 8) for 15
min in a 37°C oven. Following a ntigen retrieval, all sections were washed gently in
deionized water, then transferred to 0.05 M Tris-based solution in 0.15 M NaCl with 0.1%
v/v Triton-X-100, pH 7.6 (TBST). Endogenous peroxidase was blocked with 3% hydrogen
peroxide for 20 min. To further reduce nonspecific background staining, slides were
incubated with 3% normal goat serum (Sigma) for 30 min at RT. All slides then were
incubated at 4°C overnight with anti-CFTR antibody clone 3813 in three conditions: Anti-
CFTR, 1:3000; Anti-CFTR + peptide (specific peptide targeting CFTR antibody), and 1gG
control antibody, 1:3000. After washing with TBST, sections were then incubated with the
Goat Anti-Rabbit 1gG H&L secondary antibody conjugated with HRP (Abcam #ab6721,
1:800.) Diaminobenzidine (DAB; Scy Tek Laboratories, Logan, UT) was used as the
chromagen and hematoxylin (Richard-Allen Scientific, Kalamazoo, Ml) as counterstain.

Maximum parsimony analysis—The bootstrap consensus tree inferred from 100
replicates is taken to represent the evolutionary history of the taxa analyzed. Branches
corresponding to partitions reproduced in less than 50% of bootstrap replicates are
collapsed. The percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (100 replicates) are shown next to the branches.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—Statistical analyses were performed using Prism 6.0 (Graphpad, La Jolla CA).
Normality was assumed for testing. For groups of two, two-tailed paired or unpaired t-tests
were utilized, dependent upon data type. For multiple comparisons, we performed one-way
ANOVA with Tukey’s post-test for defined groups. Data are displayed as mean +/- standard
error of the mean for Figure 2 and 3, and mean +/- standard deviation for Figure 4. Values
of p<0.05 were considered statistically significant.

DATA AND CODE AVAILABILITY

cDNA sequences—Two clones were fully sequenced and compared to the published
putative lamprey ABCC?7 sequence (KM232934). These sequences are deposited in
GenBank (accession numbers: MN216026 and MN216027)

Structural homology models—The published article includes the .pdb files for the
homology models of both the closed and nearly-opened, ATP-bound lamprey CFTR (Data
Figure S1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Lamprey bear the oldest CFTR ortholog (Lp-CFTR), highly expressed in
intestine
. Lp-CFTR has canonical CFTR structural domains and exhibits channel
activity
. Lp-CFTR anion channel function differs from recent CFTR orthologs in many
ways

. Lp-CFTR provides insights into evolution of function in this critical ABC

protein
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Figure 1: Lamprey CFTR (Lp-CFTR) demonstrates key similarities and differences in sequence
and structure compared to human CFTR (hCFTR)

A: SNPs identified in Lp-CFTR. The Lp-CFTR gene was cloned from lamprey cDNA,
sequenced, and compared to a published putative sequence (KM232934). Eighteen SNPs
were identified with 2 amino acid changes between the three Lp-CFTR sequences.

B: Amino acid sequence of Lp-CFTR aligned with that of hCFTR. Key major domains
are delineated above alignment. Lp-CFTR has an extended N-terminus, a leucine at the
position corresponding to F508 in hCFTR (delineated by red letter and underline), intact
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Walker A domains (yellow underline) and Walker B domains (green underline) in both
NBD1 and NBD2, but conserved signature sequence (blue lines) in NBD1 only.

C: Lp-CFTR has a reduced number of consensus PKA phosphorylation sites. The R-
domains of Lp-CFTR and hCFTR were aligned and predicted phosphorylation sites were
identified for activation (green arrowheads) and inhibition (purple arrowheads), reflecting a
reduced number of consensus PKA phosphorylation sites in Lp-CFTR.

D: Similar hydropathy predicted from lamprey and human CFTR sequences. CFTR
sequences were compared using the Kyte-Doolittle scale for hydropathy via ExPasy, with
increased hydrophilicity as negative values and increased hydrophobicity as positive values.
E: Structural homology models of Lp-CFTR. Lp-CFTR was modeled using the cryo-EM
structures of CFTR in the closed state, left, and in the ATP-bound nearly open state, right.
Domains colored as in Figure 1B. The segment of the R-domain visible in the closed state
(purple) is not shown in the nearly open state.

F: Structure of the pore domain in the homology models of Lp-CFTR. Lp-CFTR was
modeled using CFTR cryo-EM structures in closed (left) and ATP-bound nearly open (right)
conformations, demonstrating development of a pore; residues 1101-1153 deleted in order to
reveal the inner pore. Of note, F337 (L360 in Lp-CFTR, purple) occludes the pore in the
closed state and S341 (S364, red) is at the narrowest spot in the pore interior although not
yet rotated into the pore axis. R347 interacts with D924 (R370 and D927, upper blue-yellow
pair) in both states, while R352 interacts with D993 (R375 and D996, bottom blue-yellow
pair) only in the nearly open state. Of note, a key interaction between D110 in ECL1 and
K892 in ECL4 observed in hCFTR in the closed state is not enabled in Lp-CFTR (N134
with R896, green pair, partially occluded in the view of the ATP-bound near-open state).

G: NBD1 of Lp-CFTR bears a key substitution. Lp-CFTR modeled using the CFTR cryo-
EM structures demonstrated folding of NBD1 similar to that of human CFTR. NBD1 is
noted in red ribbon and a portion of the R-domain is in purple ribbon. The lamprey
substitution for phenylalanine 508, leucine 525, is noted in dashed box region and is
positioned to interact with intracellular loop 4 (green ribbon).

H: NBD domains are more distant from each other in Lp-CFTR compared to the
human ortholog: Comparison of distances between the centers of mass of NBD1 and
NBD?2 of human (black) and lamprey (red) CFTR conformations obtained from 100 ns MD
simulations. (A) Closed hCFTR (5uak.pdb) and the corresponding Lp-CFTR homology
model. (B) ATP-bound nearly-open hCFTR (6msm.pdb) and the corresponding Lp-CFTR
homology model.

See also Data Figure S1 and Figure S1
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Figure 2: Lp-CFTR has limited chloride conduction and is poorly responsive to both CFTR
potentiators and inhibitors

A: Whole oocyte characterization of Lp-CFTR function. Like hCFTR, Lp-CFTR can be
activated by 10 puM Forskolin (FSK) with 1 mM isobutylmethylxanthine (IBMX) but
exhibits distinctly slower activation. CFTR;,1172 significantly blocked hCFTR (upper
panel), with markedly diminished effect on Lp-CFTR (lower panel). Summary data are
shown (right panel), data shown as mean+SEM; *= p< 0.05 via unpaired t-test, n=10 for
hCFTR; n=4 for Lp-CFTR.

B: Macropatch characterization of Lp-CFTR. Representative inside-out macropatch
currents of hCFTR (upper panel) and Lp-CFTR (lower panel). Channels were activated by
127.6 U/mL PKA and 1 mM ATP until currents reached plateau. A voltage-ramp protocol
was applied every 5 s. CFTR currents were blocked with 10 yM CFTRinh172. Summary
data are shown in right panel, data shown as mean+=SEM. *= p<0.05 compared to hCFTR
via unpaired t-test; n=4 for each group.

C: Lp-CFTR is not inhibited by GlyH-101 and is poorly sensitive to NPPB. Lp-CFTR
demonstrates reduced sensitivity to inhibition by the CFTR pore blockers GlyH-101 (GlyH,
5uM, upper panel) and NPPB (200 uM) in whole oocyte recordings. Summary data are
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shown in right panels, data shown as mean£SEM. *** P<0.001; * P<0.05 compared to
hCFTR via unpaired t-test. n=4 for Lp-CFTR, n=7 for hCFTR.

D: Inhibition of Lp-CFTR by glibenclamide. Glibenclamide (50 uM) blocked hCFTR and
Lp-CFTR to a similar extent in inside-out macropatches; no statistical difference between
groups via unpaired t-test. Data shown as mean+SEM; n=6 for each group.

E: Lp-CFTR is insensitive to potentiation by VX-770. Representative currents of WT-
hCFTR (top panel) and Lp-CFTR (bottom panel) were recorded in inside-out macropatches
in presence of 1 mM ATP and 127.6 U/mL PKA with or without 0.2 uM VX-770. A voltage-
ramp protocol was applied every 5 s. CFTR currents were blocked with 10 uM
CFTRinh172. Summary data for fractional potentiation are shown in right panel (Fractional
potentiation by VX-770 = (I(atp + pkA + vx-770)/ I(aTP + PKA) —1), data shown as mean
+SEM; n =4 -7 each. ***, p < 0.001 compared to hCFTR via unpaired t-test.

See also Figure S2
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Figure 3: Lamprey CFTR inwardly rectifies and has altered single channel kinetics
A: Notable inward rectification of lamprey CFTR. Representative current-voltage (1V)

curves of hCFTR (/eftpanel) and Lp-CFTR (right panel) recorded in inside-out
macropatches in symmetrical chloride conditions demonstrated inward rectification of Lp-
CFTR current; similar results seen in n=5 for hCFTR and n=7 for Lp-CFTR.

B: Single channel recordings exhibit reduced channel stability. (Left) Traces of Lp-
CFTR and hCFTR (at Vy = =100 mV, activated with 1 mM MgATP and 127.6 U/mL PKA)
demonstrated significant differences in opening frequency (c=closed, f=open). (Right)
Representative all points histograms over the recording periods show reduced open
conductance in Lp-CFTR. Solid lines in the histograms represent fits to a Gaussian function.
C: Lamprey CFTR demonstrates altered single channel behavior. Lp-CFTR exhibit
shorter open burst duration (left) and lower single channel amplitude (right) compared to
hCFTR in inside-out patches. Data shown as mean£SEM. ***=p< 0.001 vs. hCFTR, n=6
for Lp-CFTR. hCFTR data (n=10) were cited from a previous publication (Cui et al., 2014).
Vpm = =100 mV.
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Figure 4: Lamprey CFTR is highly expressed in the distal gastrointestinal (GI) tract of the
lamprey

A: CFTR transcripts are found in various organs in the lamprey. RNA was isolated from
intestine, kidney, and gill from seven different larval lampreys and quantified for Lp-CFTR
via SYBR-green RT-gPCR (each lamprey organ run in triplicate), data shown as mean+SD;
p<0.001 via ANOVA for all groups, p<0.001 for intestine vs. kidney and p<0.001 for
intestine vs. gill via Tukey’s post-test. Of note, no difference was observed in 40S rRNA
between tissues.

B: CFTR transcripts are increased in the distal Gl tract. RNA was isolated from
different sections of the Gl tract (cephalad (Section 1) to caudad (Section 4)) from 7
different larval lamprey and quantified for Lp-CFTR via SYBR-green RT-qPCR (each
lamprey section run in triplicate), data shown as mean+SD. p<0.01 via ANOVA for all
groups, * p<0.01 Section 4 vs. Section 1 via Tukey’s post-test. Of note, no difference was
observed in 40S rRNA between sections.
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C: CFTR expression in lamprey GI tract. Representative Western blot (from six separate
lampreys) with rabbit anti-lamprey CFTR antibody. Blot of Section 4 GlI tract tissue from
two separate lampreys (numbers 1-4 and 2-4), and a representative Gl tract tissue of the
Section 1 of a lamprey (number 1-1), demonstrating predicted ~150 kDa band at higher
density in Section 4 vs. Section 1 (left panel). Antibody depletion with competing peptide
demonstrating loss of 150 kDa band in all samples (right panel).

D Transverse section of lamprey GI tract. Image of the caudal section (Section 4)
representative of four separate lampreys. Lampreys were dissected transversally and stained
with H&E. At 10x magnification, the lamina propria (LP) and typhosole (T) were identified
with lining epithelial cells (EC). At 40x, the ECs exhibit features of simple columnar
epithelium with darkly stained nuclei and brush border.

E: CFTR is expressed in lamprey Gl tract. Image of the caudal region of the intestine
(Section 4) representative of images from four separate lampreys. Lampreys were dissected
transversely and stained with either anti-CFTR antibody (1:3000 dilution), isotype control
IgG (1:3000 dilution), or peptide blocked anti-CFTR antibody (1:3000 dilution), and imaged
at 40x over a region of epithelial cells. Of note, there is significant Lp-CFTR staining of
intestinal epithelia that is greatly reduced with peptide block and not observed with isotype
1gG control.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Polyclonal antibody against Lamprey CFTR This paper New England Peptide (Boston

MA):Item # 3813

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Adenosine Triphosphate

G. Cui et al, 2013.

SigmaAldrich(St. Louis, MO):
CASH# 56-65-5

Protein Kinase A

G. Cui et al, 2016.

Promega (Madison, WI): CAS#
142008-29-5

Forskolin D. Infield et al, 2016 SigmaAldrich (St. Louis, MO):
CASH# 66575-29-9
GlyH-101 G. Cui et al, 2014 EMD Millipore (Burlington, MA):

CAS# 328541-79-3

Gliblenclamide

G. Cui etal, 2012

SigmaAldrich (St. Louis, MO):
CAS#:10238-21-8

CFTR\ny-172 D. Infield et al, 2016 Cayman Chem (Ann Arbor, MI):
CAS# 307510-92-5
VX-770 G. Cui et al, 2016. Selleckchem (Houston, TX):

CAS# 873054-44-5

Lp-CFTR peptide

This paper

New England Peptide (Boston,
MA): TLRHSIKHISLQE, amino
acids 1441-1453

Critical Commercial Assays
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data
Genbank (Lp-CFTR sequences) This paper MN216026 and MN216027

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Oocytes

Xenopusl (Dexter, MI)

Class V Xenopus laevis oocytes

Petromyzon marinus

Hammond Bay or
Luddington Bio. Station

Larval M2 lamprey

Oligonucleotides

5’ACAGAGAAATCTCGCAGTCAGAAAACCGCCCCCA
CCTGCTCACCGCGATTCGGCGGTGCTTCCT3’

Primers for cloning lamprey CFTR This paper Integrated DNA Technologies
5’ ATGCAAGCTTGGATCAGCCGCATGAGTTCAT 3’
Primers for RT-gPCR for lamprey CFTR This paper Integrated DNA Technologies

Recombinant DNA

hCFTRcDNA

Provided by D. Gadsby

G. Cui et al, 2016.

Lp-CFTR cDNA

This paper

Software and Algorithms

MODELLER Sali, A., Blundell, T.L., https://salilab.org/modeller/
1993
PROCHECK Laskowski, R.A. et al., https://www.ebi.ac.uk/thornton-

1993

srv/software/PROCHECK/
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REAGENT or RESOURCE SOURCE IDENTIFIER
MEGA7 Kumar, S et al., 2016. https://megasoftware.net/
Other

Homology model of lamprey CFTR (closed and nearly-open state)

This paper

Supplemental Figure 1
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