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A Potassium Channel Protein
Encoded by Chlorella Virus
PBCV-1

B. Plugge,’* S. Gazzarrini,2* M. Nelson,3* R. Cerana,*
J. L. Van Etten,® C. Derst,® D. DiFrancesco,? A. Moroni,2
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The large chlorella virus PBCV-1, which contains double-stranded DNA
(dsDNA), encodes a 94-codon open reading frame (ORF) that contains a motif
resembling the signature sequence of the pore domain of potassium channel
proteins. Phylogenetic analyses of the encoded protein, Kcv, indicate a previ-
ously unidentified type of potassium channel. The messenger RNA encoded by
the ORF leads to functional expression of a potassium-selective conductance
in Xenopus laevis oocytes. The channel blockers amantadine and barium, but
not cesium, inhibit this conductance, in addition to virus plaque formation. Thus,
PBCV-1 encodes the first known viral protein that functions as a potassium-
selective channel and is essential in the virus life cycle.

Potassium channels function in eukaryotes
and prokaryotes as selective transport pro-
teins for passive K* movement across mem-
branes (/). Common to virtually all known
K* channels is a pore domain with eight
highly conserved amino acids, TXXTXG(Y/

F)G (2, 3). In a functional channel, four
subunits surround a pore in which these res-
idues form the selectivity filter (4).
Sequence analysis of the 330-kb dsDNA
genome of the plaque-forming chlorella virus
PBCV-1 (family Phycodnaviridae) (5) identi-

fied a short amino acid sequence in a small
ORF (ORF A250R) which resembles the pore
domain of K* channel proteins. ORF A250R is
predicted to encode a peptide of 94 amino acids
(referred to as Kcv) with an isoelectric point of
8.7 and a molecular weight of 10.6 kD (Fig.
1A). Hydropathy analysis of Kcv reveals two
putative transmembrane domains (Fig. 1B) sep-
arated by 44 amino acids that contain the K*
channel signature sequence TXXTXGFG (Fig.
1A, amino acids 60 through 67) (2). The 26
amino acids surrounding this motif display, on
average, 61% similarity and 38% identity to the
pore domains of many K* channel proteins
(Fig. 1C). Two structurally important aromatic
amino acids are also conserved in the NH,-
terminal portion of the Kcv pore domain. In the
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bacterial channel KcsA, two W residues (amino
acids 67 and 68 in Fig. 1C) are part of a
structure that acts as a cuff, keeping the pore
open at the appropriate diameter for K* pas-
sage (6). In Kcv as well as in several other K*
channel proteins, aromatic Y or F residues re-
place these residues (Fig. 1C).

In contrast to the putative pore domain, the
amino acid sequences of the two Kcv trans-
membrane domains differ markedly from other
K™* channels. A phylogenetic comparison with
eukaryotic Kir, Kv, and tandem K* channels,
and two prokaryotic K* channel families (7),
places Kcv as an independent cluster, indicating
significant sequence deviation (Fig. 1D). An-
other unusual feature of Kcv is its short (12
amino acids) cytoplasmic NH,-terminus con-
taining a consensus protein kinase ck2 phospho-
rylation site (Fig. 1A, amino acids 9 through
12). The COOH-terminus of the Kcv protein is
part of the second transmembrane region; Kcv
thus appears to lack a COOH-terminal cyto-
plasmic tail. These structural data and the phy-
logenetic analysis suggest that Kcv represents a
very primitive K* channel. This notion is sup-
ported by phylogenetic analyses of another viral
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Fig. 2. Heterologous expression of the PBCV-1 en-
coded K* channel homolog Kcv in Xenopus oocytes.
(A) Currents recorded in 50 mM KCl from oocytes
injected with water or Kcv mRNA were induced by
voltage steps from holding voltage to test voltages
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protein that place the DNA polymerases from
Phycodnaviridae near the root of all eukaryotic
DNA polymerase delta proteins (5). This indi-
cates that at least some PBCV-1-encoded pro-
teins have long evolutionary histories.

To determine if Kcv functions as an ion
channel, we expressed the protein in Xenopus
oocytes (8). At 36 hours after Kcv mRNA
injection, oocytes exhibited distinct currents
in voltage clamp assays (9) which differed
quantitatively and qualitatively from control
oocytes (Fig. 2, A and B) (10). At voltages of
+60 and —140 mV, average steady-state cur-
rents of Kcv mRNA-injected oocytes exceed-
ed those of water-injected ones by factors of
8.6 and 8.2, respectively (/7). The conduc-
tance introduced by Kcv mRNA injection
consisted of an instantaneous and a time-
dependent component (Fig. 2A). The instan-
taneous //V relation deviated from linearity
by decreasing at extreme hyperpolarizing and
depolarizing voltages. The time-dependent
current activated and deactivated at negative
and positive voltages, respectively. Figure 2B
shows the instantaneous (/;) and steady state-
current (/) from Kcv mRNA-injected oo-
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as indicated. (B) /, (solid symbols) and / (open

symbols) as a function of applied test voltages. Cur-

rents were measured after 3 ms (/,) and at the end of the test pulse (/. )). (C) //V relations from a Kcv
mRNA-injected oocyte in 2, 20, and 50 mM KCl measured as in (B). (D) Deactivation tail currents from
a Kcv mRNA-injected oocyte in 50 mM KCL. Currents were elicited by clamping the oocyte to —160 mV
for 1 s to activate time-dependent conductance. To follow current relaxation, voltage steps were applied
in the ranges indicated. (E) Reversal voltages (V) obtained from /,/V relations (solid symbols, n = 9
oocytes) and tail currents (open symbols, n = 8 oocytes) in Nernst plot against extracellular K*
concentration. Linear regression to mean V. from both types of analysis has a slope of 60.0 mV/decade.

cytes and the steady-state component of wa-
ter-injected oocytes as a function of voltage.

The selectivity of Kcv-mediated conduc-
tance was determined by obtaining 7,/ relation-
ships at 2, 20, and 50 mM KCl (Fig. 2C).
Lowering the external K* concentration (K™ )
caused the current reversal voltage (V) to shift
to more negative voltages and the inward cur-
rent to decrease. Plotting ¥, versus K*_ in a
Nemst plot yielded a slope of 60.0 mV per
decade (Fig. 2E). Figure 2D shows the time-
dependent deactivation of the current following
activation at a conditioning voltage of —160
mV. The current reversed at —20 mV, a value
close to the reversal of /;. This result was con-
firmed at all K* | values investigated (Fig. 2E).
Taken together, these analyses show that Kcv is
a channel that conducts K* ions.

The cation selectivity of Kcv-mediated con-
ductance was examined by replacing KCI with
NaCl in the bath solution. Both the time-depen-
dent and instantaneous currents were strongly
depressed (Fig. 3). Furthermore, ¥, shifted neg-
ative by 68 mV, indicating that the Kcv-medi-
ated conductance prefers K* over Na™ ions.
The P, /P, permeability ratio from n = 10 I/V
relations was 9.32 (12). Current reduction at
positive voltages suggests an inhibitory effect
of Na* on the K* outward current.

These results indicate that Kcv forms a K*-
selective channel in oocytes (/3). Kcv is the
smallest K* channel protein known, primarily
because of its short NH,- and COOH-termini.
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Fig. 3. Selectivity of the Kcv-mediated conduc-
tance. Currents were elicited in response to
voltage steps from resting voltage to test volt-
ages in the ranges indicated. The bath solution
in (A) contained 50 mM KCl or 50 mM NacCl. (B)
I/V relation of data in (A).
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The NH,- and COOH-terminal domains of oth-
er K* channel proteins contribute to pore as-
sembly and veltage sensitivity (/4). Despite
lacking these domains, Kcv displays several
distinct properties with moderate voltage-sensi-
tivity including (i) a decrease in /; near both
voltage extremes, (ii) a hyperpolarization-in-
duced time-dependent activation, and (iii) a de-
polarization-induced time-dependent decrease
of the conductance (Fig. 2, A and B).

Oocytes expressing Kcv were exposed to
amantadine, an antiviral drug which at concen-
trations <1 puM inhibits the influenza virus M2
protein (/5). Amantadine inhibited the Kcv-
mediated conductance (Fig. 4A). Inhibition of /,
was voltage-independent (Fig. 4A, lower panel).
To quantify inhibition, we measured the effect
of amantadine on the physiologically relevant
steady-state current: At +60 and —140 mV, I
was half-inhibited by 2 and 0.8 mM amantadine,
respectively (16). Thus, the effective concentra-
tion is about three orders of magnitude higher
than required to inhibit M2. Amantadine inhibi-
tion of Kcv-mediated conductance reversed
within minutes after removal of the drug. In
contrast, amantadine inhibition of M2 is essen-
tially irreversible (/5). These results, together
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Fig. 4. Inhibition of Kcv-mediated conductance
and virus replication by K* channel blockers. [(A),
upper panel] //V in Kcv mRNA-injected oocytes
with addition of 0 (@), 1 (#), and 6 (A) mM
amantadine to the bath solution. [(A), lower pan-
el] Relative block (1 — 1 ,../,o) from data in
upper panel as a function of voltage (amanta-
dine: & 1 mM, @ 6 mM). [(B), upper panel] //V
relations in Kcv mRNA-injected oocytes before
(®) and after (M) adding 1 mM BaCl, to the bath
solution. [(B), lower panel] Relative block (1 —
I, ga/li0) from data in the upper panel as function
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with the fact that the two viral-encoded proteins
have little or no structural similarity, suggest
that amantadine inhibits the Kcv and M2 pro-
teins by different mechanisms (/7).

Kcv-mediated conductance was also ex-
posed to the typical K* channel blockers Cs*
and Ba?™". Addition of 10 mM CsCl had only
modest effects on the Kcv-mediated conduc-
tance. The inward current at —140 mV was
inhibited by 9 * 4%, whereas the outward
current at +60 mV was unaffected (n = 4
oocytes). In contrast, Ba>* reduced the Kcv-
mediated conductance in a voltage-dependent
manner (Fig. 4B) (18). This behavior sup-
ports the hypothesis that Ba®* blocks inward
current in K* channels after being drawn into
the pore by negative voltage (19).

A plaque reduction assay (20) was em-
ployed to determine the importance of Kcv to
virus replication (2/). Amantadine inhibited
PBCV-1 plaque formation by 50% at 2.8 + 0.2
mM (n = 4) (16), that is, at approximately the
same millimolar concentration that affected the
Kcv-mediated conductance (Fig. 4C). Plaque
formation was also inhibited 50% by 2.6 *
0.16 mM Ba2* (n = 3), a concentration suffi-
cient to abolish Kcv inward current. Cesium (10
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of voltage. Data fitted (solid line) with Woodhull block model (78), yielding b, = 0.93, 3 = 0.91, and
k° = 650 pM (n = 3 oocytes). (C) Relative inhibition (1 — A/A) of virus plaque formation (<) and
Kcv-mediated /  at +60 mV (@) and 140 mV (A) as function of amantadine concentration in the
external medium. Mean of four experiments; SE is smaller than symbols.
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mM) had no apparent effect on PBCV-1 repli-
cation. These results, together with the finding
that the Kcv gene is expressed early after virus
infection (22) indicate that PBCV-1 replication
depends, in a yet unknown manner, on a func-
tional Kcv channel.

In conclusion, chlorella virus PBCV-1 en-
codes a functional K* channel protein, Kcv,
which is important for virus replication. Prior
to this study, only four virus-encoded pro-
teins were thought to have ion channel activ-
ities: influenza virus A M2 protein, influenza
virus B NB protein, and the human immuno-
deficiency virus proteins Vpu and Vpr (23).
PBCV-1 is the first virus known to encode a
K*-selective channel. Because of its excep-
tionally small size, Kcv may become a useful
tool to study basic principles of channel as-
sembly and function.
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Requirement of the Prolyl
Isomerase Pin1 for the
Replication Checkpoint

Katharine E. Winkler, Katherine I. Swenson, Sally Kornbluth,
Anthony R. Means*

The peptidyl-prolyl isomerase Pin1 has been implicated in regulating cell cycle
progression. Pin1 was found to be required for the DNA replication checkpoint
in Xenopus laevis. Egg extracts depleted of Pin1 inappropriately transited from
the G, to the M phase of the cell cycle in the presence of the DNA replication
inhibitor aphidicolin. This defect in replication checkpoint function was reversed
after the addition of recombinant wild-type Pin1, but not an isomerase-inactive
mutant, to the depleted extract. Premature mitotic entry in the absence of Pin1
was accompanied by hyperphosphorylation of Cdc25, activation of Cdc2/cyclin
B, and generation of epitopes recognized by the mitotic phosphoprotein an-
tibody, MPM-2. Therefore, Pin1 appears to be required for the checkpoint
delaying the onset of mitosis in response to incomplete replication.

The peptidyl-prolyl isomerase (PPlase) Pinl
affects cell cycle transitions. Originally identi-
fied in yeast-two hybrid screens as a protein
that binds to and suppresses the toxicity of the
fungal mitotic kinase Never In Mitosis A
(NIMA), Pinl is present in all eukaryotic cells
examined (/-4). Although Pinl is an abundant
protein, the expression of which does not
change during the cell cycle (Fig. 1), it clearly
influences cell cycle dynamics. Overexpression
of Pinl is deleterious in the budding yeast
Saccharomyces cerevisiae and causes a G, ar-
rest in HeLa cells and in Xenopus laevis egg
extracts, suggesting that the protein negatively
regulates the initiation of mitosis (/, 3). The
budding yeast Pinl homolog ESSI is encoded
by an essential gene; ess/ deletion mutants
exhibit terminal mitotic arrest, suggesting a re-
quirement for Pinl in mitotic exit (4, 5). In
contrast, Pinl is not critical for any readily
observable  function in Drosophila melano-
gaster (2) or mouse (6).

In vitro, Pinl binds a subset of mitotic pro-
teins containing a motif composed of a phos-
phoserine or phosphothreonine residue followed
by a proline residue (3, 7-9) that is also recog-
nized by the MPM-2 monoclonal antibody (10,
11). Among these potential cell cycle targets,
only substoichiometric interaction of Pinl with
the mitotic phosphatase Cdc25C has been dem-
onstrated in vivo (12); thus, it is unclear whether
thé numerous phosphoproteins associated with
Pinl in vitro are biologically relevant targets for
Pinl in vivo. Endogenous Pinl protein has been
implicated in transcriptional regulation and
RNA processing in yeast (5, /13—-16) and in
mediating the association of phosphorylated tau
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with microtubules in brain extracts (/7). The
relation of these functions to control of the cell
cycle remains unclear, and events regulated by
Pinl that influence the cell cycle have yet to be
defined. We examined Pinl function in Xenopus
egg extracts that are transcriptionally inactive,
thus allowing us to avoid possible effects of
Pinl on transcriptional events that might affect
cell cycle progression. This model system pro-
vided the opportunity to focus on specific cell
cycle transitions and thereby evaluate the con-
tribution of Pinl protein to each transition.
The Xenopus Pinl homolog was isolated
by low-stringency hybridization screening of
a Xenopus gastrula cDNA library with a hu-
man Pinl probe (/8). The inserts of three
independently isolated clones each encoded
an identical open reading frame (xPin/). The
predicted polypeptide sequence shared 89%
identity with human Pinl and >45% identity
with each of the eukaryotic parvulins over its
full length of 159 residues. Recombinant
xPinl was purified from bacteria (Fig. 1A)
and used to generate polyclonal antiserum
that recognized a single protein of 18 kD in
Xenopus egg extracts (Fig. 1B). The concen-
tration of Pinl in egg extracts was estimated
to be 20 ng/pl, or ~1 pM, and this did not
change throughout the cell cycle (Fig. 1C).
The mitotic arrest observed in yeast lacking
ESSI1 suggested a function for the protein in
mitotic exit. To test this directly, we used cyto-
static factor—arrested egg extracts (CSF extracts)
(19) to examine the consequences of the remov-
al of Pinl on mitotic exit and DNA replication.
CSF extracts, generated in the presence of
EGTA to prevent calcium-dependent degrada-
tion of cyclin B, exhibit high H1 kinase activity
and other hallmarks of normal M phase arrest.
Calcium addition, which recapitulates a physio-
logical consequence of fertilization, causes the
extracts to proceed into interphase, character-
ized by nuclear envelope formation, chromatin
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