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TABLE 1 Growth of Ba/F3 cells after infection®

Medium supplemented with

Ba/F3 cells infected by IL-3 Epo None
None + - —
SFFV + - -
SF-ER + + —
SFFV +SF-ER + + +

* About 5 x 10° Ba/F3 cells were infected with SFFV, SF-ER, or both. After
infection, the cells were kept for 24 h in IL-3 (10% WEHI-3 supernatant)
before switching to either erythropoietin (Epo; 0.5 units per ml) or regular
medium without any added growth factors. Positives (+) represent cultures
(of 5x10° cells) with rapidly growing cells that became established within
one week of infection. Negatives (—) represent cultures with no viable celis
left within 3-4 days after infection and no cell growth even after up to one
month of incubation.

Friend erythroleukaemia cell lines tested continue to express
gp55 when maintained in culture while expression of other
virus-encoded proteins may cease'’, interaction between gp55
and Epo-R may still be necessary to maintain the malignant
status of late-stage leukaemic cells; our results indicate that this
protein interaction does persist in these cells. It is the intracel-
lular form of gp55, and not the larger form localized on the cell
surface, that is bound to Epo-R. Therefore, the interaction
between the two proteins probably occurs in the endoplasmic
reticulum. Because the plasma membrane form constitutes only
~5% of the total SFFV glycoprotein®, its possible binding to
Epo-R would be difficult to detect.

The ability of gp55 to stimulate cell proliferation by binding
to the erythropoietin receptor represents a novel mechanism by
which viruses can override normal growth-regulating functions.
It will be of interest to see whether other viruses use similar
mechanisms to cause proliferation of specific cell types. For
instance, the envelope glycoproteins encoded by several
oncogenic mink cell focus-forming viruses (MCFs) are struc-
turally related to SFFV gp55 (refs 20, 21). Because the amino-
acid sequence of Epo-R is similar to that of the B-subunit of
the IL-2 receptor’?, it is possible that the MCF envelope gly-
coprotein interacts with the IL-2 receptor or another member
of this group of growth factor receptors, thereby causing MCF-
induced T-cell leukaemia. O
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CELL nuclei are capable of partitioning a wide variety of molecules
from the cytosol, including macromolecules such as proteins'''
and RNA'>'  and smaller peptides™'* ', amino acids"’,
sugars'®!® and Na* and K* ions®>*', all of which can be accumu-
lated in or excluded from the nuclear domain. There are two
mechanisms behind this compartmentalization: selective retention
of freely diffusible molecules, and selective entry through the
nuclear envelope. It is generally accepted that the nuclear envelope
restricts only the larger molecules’* 2%, Here we apply the patch-
clamp technique to isolated murine pronuclei’® and show that the
nuclear envelope contains K*-selective channels which have mul-
tiple conductance states, the maximal conductance being 200 pS.
These channels, which contribute to the nuclear membrane poten-
tial’®, may be important in balancing the charge carried by the
movement of macromolecules in and out of the nucleus.

Nuclear envelopes contain pores for the selection of
macromolecules, but these pores are considered to be too large
to act as barriers against ions**"**. Nevertheless, electrical poten-
tial across nuclear envelopes and segregation of ions in the
nucleoplasm have been reported®*?’  indicating that there
could be ion-selective channels in the nuclear membrane. We
have repeated the nuclear resting-potential measurements in situ
in murine zygotes. Using an enucleation procedure® (Fig. 1),
we compare these results with nuclear potentials and patch-
clamp recordings in cell-free nuclei.

The average potential between the nucleoplasm and the cyto-
plasm, from the protocol shown in Fig. 2q, is —10.75+1.25 mV
(n=4). After placing the zygote in a solution of
120 mM K*/0 mM Na™ (b) to null its resting voltage, the nuclear
potential becomes —9.87+0.85mV (n=4). A cell-free nucleus
in the same solution (¢) has a potential of —9.5+2.08 mV (n =4),
and in a 60 mM K*/60 mM Na™ solution (d) the potential is
—23.5+4.2mV (n=4). The hyperpolarization that takes place
following this change in the composition of the external solution
indicates that a K* selective mechanism could be operating in
the nuclear envelope.

To investigate the possibility that this mechanism involves
ion-selective channels, we formed nuclear-attached patches on
extracted pronuclei. Figure 3a shows patch currents at pipette
voltages (V,) equal to +20, —20, +30 and —30 mV. Examples
of the single-channel records at V,=—10mV are shown in d
on a faster timescale. To obtain the absolute voltage, we used
V=(V.aw—V,), where V. is the nuclear potential from Fig.
2¢. From the current-voltage (i( V)) curves in Fig. 3¢, which are
obtained by plotting the currents at the peaks of the amplitude
histograms in Fig. 3b, the conductances of the channel are 200
and 55 pS, and its reversal potential is =9 mV, which is roughly
equal to the nuclear resting potential in the same solution.

Figure 4 summarizes five experiments with 60 mM K*/60 mM
Na™ in the pipette and 120 mM K*/0 mM Na* in the bath. The
dominate conductance is now 75 pS, and the reversal potential
ranges between —21mV and —15mV. We assume that this
channel corresponds to the 200 pS conductance in Fig. 3,
because longer steps fail to show higher conductances (inset in
Fig. 4). In addition, channel activity at V, =0 mV implies there

* Present address: Center for Reproductive Medicine and Infertility, Department of Gynecology and
QObstetrics, Cornell University Medical College, 505 East 70th Street, New York, New York 10021, USA.

NATURE - VOL 343 - 22 FEBRUARY 1990

© 1990 Nature Publishing Group



LETTERS TO NATURE

FIG. 1 A summary of the procedure we used for
the transfer of viable pronuclei, adapted to
intracellular microelectrode and patch-clamp
recording. The scale bar in d indicates 20 um.
Female B6D2 F, mice were superovulated using
51U of pregnant mare serum gonadotropin
(Organon, Hoiland), which was followed in 48 h by
510 human choriogonadotropin (Sigma) and
individual mating with B6D2 F; males. Zygotes
were collected ~12 h after mating. Cumuius cells
were removed from the zygotes by incubation in
a 1% hyaluronidase solution for several minutes.
After transferring the zygote to the bath solution
(in mM: 120 KCI, 2MgCl,, 1.1 EGTA, 0.1 CaCl,,
5 glucose, 10 HEPES, pH 7.4), which is a cytoplas-
mic-like solution used in the intracetlular electrode
to perform whole-cell experiments on mouse
oocytes, we extracted one of the pronuclei using
micromanipulation®®. The sequence of steps from
holding the zygote by the zona with light suction
(@), entering the zygote with a smaller suction
pipette (b), attaching it to the pronucleus (c), and
extracting and holding the pronucleus for patch
clamping (d), takes less than 10 min. In d, the third
pipette on the top is a patch electrode placed on
the nuclear envelope surface. We made no attempt
to distinguish sperm and oocyte pronuclei in either
the resting potential or the single-channel
measurements. To measure intracellular and intranuclear membrane poten-
tials, we used an Axoclamp amplifier and glass microelectrodes (70 to 90
megohm, filled with 3 M KCl), which we balanced off with the bridge circuit.
The patch electrodes were pulled from hard borosilicate glass (Corning
7052) on a Sachs-Flaming P-84 puller (Sutter Instruments). The pipettes
were coated with Sylgard (Dow Corning) and fire-polished to an external tip
diameter of ~1-2 um. These electrodes had resistances of 4-10 megohms.
The estimated surface area of the patch formed with these electrodes is

2 mM K% 133 mM Na*

c

d
60 mM K'/ 60 mM Na* 0-
ﬁ# mv"10‘
o T —
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between 5 and 6 um?2. Using a List EP-7 current-to-voitage converter, we
applied standard cell-attached patch techniques to obtain 1-10 gigohm
seal, nucleus-attached patches from pronuclei. In the single-channel experi-
ments, the pronucleus was bathed in standard 120 mM K™ cytoplasmic-like
solution; the patch pipette contained either this same solution or a
60 mM K*/60 mM Na™ solution. We performed the experiments immediately
after extracting the pronucleus, pressing the electrodes against areas of
the nuclear membrane that appeared to be clear of cytoplasmic materiai (d).

FIG. 2 We performed four types of resting potential experi-
ments. a With the zygote bathed in an extracellutar-like
solution (in mM: 133 NaCl, 2 KCl, 1.5 CaCl,, 0.5MgCl,, 10
HEPES, 5 glucose, pH 7.4), we set the electrode tip potential
to zero. We then inserted he microelectrode into the cyto-
plasm to record the cell membrane potential (*). Under visual
control, we then drove the microelectrode into the pronucieus
to record the nuclear membrane potential with respect to the
cytoptasm (circles). In b, we followed this same procedure,
now bathing the zygotes in the cytoplasmic-like solution used
in the pronuclear extraction (see Fig. 1) to abolish the cell
membrane potential. Here we set the electrode tip potential
to zero in the cytoplasmic-like solution. In ¢, we directly
measured the nuclear membrane potential by extracting the
pronucleus and bathing it in the cytoplasmic-like solution (see
Fig. 1) and finally, in d we repeated the direct measurement
on the pronucleus after replacing the 120 MMK™ in the
cytoplasmic-like solution with 60 mM K*/60 mM Na*. During
measurement of resting potentials, we estimated resistances
by rebalancing the bridge after entering the nucleus, which
indicated that nuclear resistances are less 1 megohm. We
discarded records unless the potentials reversed upon with-
drawal. All experiments were at room temperature (26-28 °C).
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FIG. 3 Single-channel measurements from the -30 mV
nuclear envelope. a, Examples of current traces -
elicited by: +20 and —20 mV, +30 and -30 mV T 0
steps. Seal resistances ranged from 1 to 10

gigohms. All traces are leak-subtracted. b, : N 50
Examples of amplitude histograms derived from -20 mV .
six concatenated current traces; each of the six

traces is from the same experiment and is similar

to the example shown to the left of each histo-

gram. Thus a total of 3 s of data went into each

histogram at each voltage. We assumed the first -

peak on each histogram (the dotted vertical line) 5 pA Wzo mv
to represent zero current. The second peak, which

is more prominent in the outward direction, is )

barely visible at V,,= +20 (inset) and is unresolved
at V,=+30. In ¢, we plot the (V) relation, using

the average nuclear membrane potential, —9.5 mV Vv
from protocol ¢ (Fig. 2) to find the absolute mem- +30m
brane potential. The open triangles are the cur- ]

rents at the centre of the larger peaks, and the
dotted line is a non-linear, least-squares fit to .
these points. The conductance is ~200pS.

Number of events

Another smaller peak, more evident when the 200 ms
channel conducts outward current, is also plotted
(open diamonds). This second smaller peak, with
conductance of ~55 pS, is evident in the top two C d Vp =—-10 mV
histograms, but is generally absent for the inward _
currents. The blow-up inset for the histogram at pA |
V,=+20 mV shows data from a hyperpolarizing 8 200 pS
potential in which the smaller peak (arrow) is barely 1 s
visible; the current read from the inset is the only 1 }
inward current on 55 pS line. In 55 separate experi- 4: &
ments, the 200 pS channel appeared in ~10% of J 55 pS
the patches; the other patches contained either 4 o
no channels (10%) or smaller conductance chan- Tt
nels (80%), matching the lower conductances that A T
appear when the 200 pS opening was present. —40 s mvV 40
Thus, channels are present in nearly every patch, o 4
but they are rarely in the highest conductance -4
state. In all single-channel experiments the high- [ 1
frequency cutoff was set at 1,000Hz before 1
analysis. —8:
- 4 ms
pA
FIG. 4 To investigate channel selectivity, we filled the patch pipette with a
75 pS 60 mM K*/60 mMNa* solution while bathing the nucieus in the 120 MM K™
solution (Figs 1 and 2). The points on the i(V) plot are from five separate
] ; . nuclei. The current levels were derived from lines drawn through the centres
27 : of the largest openings at the different voltages. The voltages are calculated
¥ from the equation, V=(~9.5—V,). In the upper left quadrant we show
. Q examples of two voltage steps and the accompanying current traces at
V,=—10mV and +10 mV. The arrow in the top trace indicates conductance
o levels lower than we used in the i(V) plot. An example of an opening at
_lo V,=0 (*) also appears in the top current trace, something we never see
- o + with 120 MM K™ in the pipette. The points at V,=+10, 0 and —10 mV are
! ! E plotted as diamonds. The cutoff frequency is 1,000 Hz.
2s
O
>
| i I |
T S mv 10
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< _
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is a driving force in 60 mM K*/60 mM Na' that we never see
in 120mM K*/0 mM Na™.

The evidence for a K*-selective pathway in the nuclear mem-
brane can be summarized as follows: (1) decreasing the K" in
the bath of the entire nucleus from 120 mM to 60 mM shifts the
nuclear resting potential from —9.5 to —23.5 mV; (2) decreasing
the K* in the patch from 120 mM to 60 mM shifts the reversal
potential of channels in the patch from —9.5 to between —21
and —15mV; (3) decreasing the K* in the patch from 120 to
60 mM also lowers the conductance of the channel from 200 to
75 pS. Assuming that K* is 20% more concentrated in the nucleus
than in the cytoplasm®®, a K*-selective membrane would gener-
ate —10mV in 120mM K" and —26 mV in 60 mM K", which
are roughly equal to the nuclear potentials in these same sol-
utions. Although —10 mV is near the reversal potential of the
nuclear channel in 120 mM K*, —26 mV is significantly higher
than the reversal potential in 60 mM K™, from which we infer
that the channels are not exclusively responsible for the nuclear
potential.

The nuclear channel is similar in some respects to the K*-
selective pore in the sarcoplasmic reticulum?®*°, which is con-
tinuous with the outer membrane of the nuclear envelope, but
the sarcoplasmic reticulum channel in neutral bilayers has a
conductance of ~100 pS in symmetric 120 mM KCI and 50 pS
in 120 mM NaCl; also its conductance is linear from —100 mV
to 70 mV. Despite these differences, our experimental conditions
are too dissimilar to exclude the possibility that the channel we
observe in cell-free nuclei is a sarcoplasmic reticulum-like pore.

Electron micrographs of our preparation indicate 3.3 pores
per wm?, or 4,000 per nucleus. If the channels are the nuclear
pores, patch recording greatly underestimates their number.
Assuming a pore has a conductance of 1,000 pS (90 A diameter,
800 A long®, and containing a solution of 100 ohm . cm), then
an upper limit for total nuclear conductance is 4 uS (0.25
megohm). If 80% of the pores have a conductance of 55 pS and
10%, of 200 pS (Fig. 3), then a lower limit for the total nuclear
conductance is 0.25 pS (4 megohm). We measured 1 megohm
or less, and our attempts to voltage-clamp with 70-90 megohm
microelectrodes probably failed for this reason. If the pores are
not the channels, either there are no pores in our patches, or
the pores are closed. This explanation is surprising, because it
is contrary to the view that nuclear pores are open holes. Even
if the pores are artificially closed in our experiments, we must
enquire about the function of the 200 pS channels in the natural
state. We speculate that the role of these channels may be to
balance the charge carried by macromolecules moving in and
out of the nucleus, and therefore they could be involved in
regulating gene expression and cell division. O
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TRUE lipases attack triacylglycerols and act at an oil-water
interface; they constitute a ubiquitous group of enzymes catalysing
a wide variety of reactions, many with industrial potential. But so
far the three-dimensional structure has not been reported for any
lipase. Here we report the X-ray structure of the Mucor miehei
triglyceride lipase and describe the atomic model obtained at 3.1 A
resolution and refined to 1.9 A resolution. It reveals a
Ser .. His.. Asp trypsin-like catalytic triad with an active serine
buried under a short helical fragment of a long surface loop.

M. miehei triacylglycerol lipase is a single polypeptide chain
protein made up of 269 residues (molecular weight of an
unmodified chain is 29,472). Isolation and purification methods
have already been described"?. The gene encoding the complete
enzyme precursor has been sequenced’. A recombinant plasmid
was introduced and expressed in Aspergillus oryzae®. The
purified protein was dissolved in 20 mM Tris-HCI buffer, pH
8.05, to a concentration of 15-16 mg ml™"; we used the hanging
drop technique with high concentrations of phosphate buffer
(55-75% v/v of saturated solution) to obtain single crystals
suitable for X-ray structural study. The crystals have the
symmetry of space group P2,2,2,, with the unit cell having
dimensions a=71.6 A, b=750A and c=550A. If we
assume one molecule per asymmetric unit, the specific volume*
is 2.5 A® per dalton.

Table 1 summarizes the crystallographic results. A single
major site in the Hg derivative was used to obtain the initial
single isomorphous replacement anomalous scattering phases,
which allowed the identification of three Pt sites using difference
Fourier techniques. The resulting set of phases obtained with
two derivatives (mean figure of merit, (m)=0.58) was used to
identify five principal sites in the iodinated derivative. Sub-
sequent difference Fourier calculations using all three deriva-
tives revealed two other secondary Hg sites and four more iodine
sites. Recalculation of phases gave (m)=0.74. The initial elec-
tron density map calculated at 3.2 A resolution using only two
derivatives (Hg and Pt) was interpretable, although some
features of the structure were obscure. A partial model consisting
of ~70% of the molecule was constructed and used for a phase
combination procedure. At the same time, a third derivative (I)
was included in the isomorphous phasing, which led to a sub-
stantial improvement in the quality of the multiple isomorphous

* Permanent address: Department of Crystallography, Institute of Chemistry, University of Lodz, 91416
Lodz, Poland.
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