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Nucieoplasmin is a thermostable karyophilic protein
widely weed in nuclear transport studies. A expres-
sion vector was constructed that contains a string of
10 histidine residwes ligated. in frame, to the amino
Lorminm viad of ive Arnepas aucicoplasmin gene. The
vector was thez transformed imto Kscherichie celi
strain BL31(DES). This strain possesses the gene for
T7 RNA polymerase under coatrel of the lacUVS pro-
moter. The induction of the RNA polymerase and sub-
segueat production of nucicoplasmin occcurs after ex-
posure to isvpropyl--D-thiogalactopyranceide. The
nucleoplasmin, produced in mifligram quantities per
liter of culture, is thea isolated by a rapid purification
method that includes metal chelation chromatography
to purify the oligohistidine-linkrd nucleopinamin. Nu-
clear transport studies indicate that flucrescently la-
beled nucleoplasmin is trunsiocated to the nuclear in-
terior of permeabilised V73AS3 cells. while nucieo-
plasmin that lacks a nuciear localization signal (core
aucleoplasmin) is not imported. The use of this method
to produce wnuciear transport-competest nucieco-
plasmin avoids the lengthy purification procedure
used to isolate nucleoplasmin from Xenepus loevis co-
cytes as weil as the cost of purchasing and maintaining
a toad coloay.

The process of proteir: translocation into the cell na-
cleus is currently an area of great interest. One of the
most widely used probes for nuclear transport studies is
nucleoplasmin, a thermostable acidic pentameric protein
involved in histone binding and nucleosome formation
(1-4). A procedure to prduce small amounts of radiola-
beled nucleoplasmin via a coupled in tstro transcription/
transiation protocol has been reported (5). However, iso-
lation of milligram quantities of nucleoplasmin requires
the use of Xenopus loevis socytes, where nucleoplasmin
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constitutes up toc 10% of the nuclear protein (6.7). To
avoid the high cost of purchasing and maintaining toads,
we have devised a method to produre and isolate milli-
gram quantities of nuclear transport-competent nucleo-

The expression vector pET-16b contains the lac oper-
ator and repressor downstream of the T7 promoter (8)
This allows transsristion of the cloned gene to be al-
most compietely eliminated until induction 18 initiated.
In addition. pET-16b codes for a stretch of 10 histidine
residues after the initiator methionine. followed by a
Factor Xa protease cleavage site (9) A smali cloning
region allows for the introduction cf the gene of interest
in frame with the oligohistidine and prtesse cleavage
regions. The ohigohistidine region permits the rapid pu-
rification of the expressed protein by metal chelation
chromatography (10.11).

E. coli strain BL21{DE3) contains a single copy of the
T7 RNA polymerase gene under control of the lacUV5
promoter (12,13). This allows for the overexpressiou of
a 77 pasmni-containing gene toilowing induction with
Wopyl&n-thloglhcwpynnomde (IPTG). This sys-

tem. along with the expressior vector pET-16b. was
used to produce nucleoplasmin in £ coli. Rapid purifi-
cation of the nucleoplasmin was then accomplished by
a heating step and metal chelation chmawgnphy
Experiments indicated that purified £. coli-produced
nucleoplasmin can substitute for nudeoplumin i®o-
lated from X [aevis oocytes in nuciear transport stud-
ies. This method circumvents the time-consuming pro-
cedure of isolating and purifving nucleoplasmin from
X. laevis oocytes as well as the costs involved with pu:-
chasing and maintaining a toad colony.
EXPERIMENTAL
Construction of pET16b6-NED

Plasmid pET-16b was purchased from Novagen
(Madison, WI). Plasmid pET16b-NED was constructed

100850309+ o
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by hgation of 3 068k -1 BamHI fragment. con-
taining the X laetts nucleoplasmin gene. from pT~-
NED 53 into Ndel/BamHl-cut pET-16b The nucieo-
plasmin ¢DNA 23 used to construct pT7-NED was
kind!y provided by Dr Thomas Burgiin - Massachusetts
General Hospital. Boston. MA' E coli strain DH1 was
transformed with the hgation mixture using CaCl;.
and transformants possessing the pET16b-NED plas-
mid were selected by plating on LB medium supple-
mented with 50 ug/ml carbenicilhin Restniction diges-
tions. agarose gel electrophoresis. ligation reactions.
and transformations were as descnibed < 14:. The link-
age region between the pET-16b oligohistidine leader
sequence and the nucleoplasmin gene was confirmed
bv DNA sequencing using the dideoxy method : 15¢

Preparation of Transforrmed BL21:DE3:

E colt strain BL2UUDE3 /F  hsdS gai ompT .»
was kindly provided by Dr Paul Herring Indianu U ni-
versity. Indianapohs. IN' Preparation of plasmid
pET16b-NED DXNA and transformation of E. c¢fi strain
BL21:DE3: using CaCl, were as described :14: Stabie
transformants were selected by plating on M9ZYB me-
dium 1 g/hter NH,CL. 3 gliter KH,PO,. 6 gliter
NaHPO,. 4 gMiter glucose. 2 mm MgSO,. 01 mwm
CaCi;. 10 g/liter trvptone. 5 gliter NaCl. 5 gliter veast
extract® supplemented with 50 ug/ml carbenicillin and
10 mm IPTG 12

Expression and Isolation of Nucleoplasmin

A 25-mi culture of E. cvli strain BL211DE3) con-
taining pET16b-NED was grown overnight at 37°C and
220 rpm in M9ZYB medium supplemented with 50 ug/
ml carbenicillin. The overnight culture was used to in-
oculate 500 ml of MOZYB - carbenicillin. After reaching
an ODgn of 1.0. the culture was induced by the addition
of IPTG to 1 0 mm. After 3 h the cells were harvested
by centrifugation at 3000g and 4°C for 10 min. pooled.
and washed once with water. The pellet was resus-
pended in 20 mM Tns-HCI. pH 7.9. containing 0.5 M
NaCl. 5 mM imidazole. 1 mM phenyimethylsulfony)
fluoride {PMSF . and 1 ug/ml each of pepstatin. leupep-
tin. and aprotinin t 10 mWiter of culture’ and disrupted
by sonication i4 =~ 30 s. setting 7. Heat Systeins Cell
Disruptor with microtipt! The mixture was centrifuged
at 12.000g for 15 min at 4°C. The supernatant. con-
taining the nucleoplasmin. was heated at 80°C for 10
min and centrifuged at 12.000g for 30 min at 4°C To
runfy the nucleopliasmin further. the supernatant was
lo.ded cento a Ni‘ -metal chelation resin column (20
mg protein/2.5 ml column vilumei (Novageni. Column
preparation and chromatography were conducted a»
described in the manufacturer’s instructions. Briefly,
the column was washed with 10 column vol of binding

it PRODUCED NUCLEOPLASMIN
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buffer 120 mm Tns-HCL pH 79 05 y NaCl. 5 mwm
imidazole’ and 6 column vl of wash buffer : 20 mwm
Tns-HCI. pH 7 9. 0 5 M NaCl. 60 mMm imidazole: The
ohgohist:dine-hnked nucleoplasmin was eluted from
the column with 6 column vol of elution buffer 1 20 mwm
Tns-HCL pH 79. 05 M NaCl. 1 v imidazole: The
eluted protein was coucentrated in a Centncon C-10
microconcentrator ‘W R Grace Co . Beverlv. MA: and
desalted by passage through a Sephadex G-25 column
The cl:zohistidine region could be removed from the
nucleoplasnun by treating with Factor Xa ¢16'. but
since this region had no apparent effect on the ability
of the protein to locahize to the nucleus of permeabilized
cells, 1t was not routinely removed

M:zcellanecus Methods

Nucleoplasmin lacking a nuclear localizavion signal
icore nucleoplasmin' was prepared as descnbed 17
Electrophoresis of nucleoplasmin punfication fractions
using SDS - polvacrvlamide gels was performed by the
m~thod of Laemmh 18! Antiserum to nuclcoplasmin
w. undly provided by Dr. Carl Feldherr : Universaty
of Flc ida. Canasville. FL. Western blot analvsis was
perfo.und as dencribed 1197 Punfied nuclecpiasmin
and core nucleopls smir. w ere fluorescently labeled with
tetramethyirodamu.¢ isuv’suocvanate ‘TRITC: by the
method of Newmever er +. (20 Polvacrviamde gels
and Westarn hlotc wese scanned by a Molecular Dv-
namics Laser Densitometer iSuanvvale. CA' and the
density volumes calcutated using the associated Image-
Quant software

Cell Culture Conditions

Alpba minimal essential medium. fetal calf serum.
penicillin, streptomycin. L-glutamine. and N-2-hyv-
droxyvethvlpipenzine-N "-2-ethane sulfonic acid t Hepes
were purchased from Gibco/BRL :Gaithersburg. MD:!
Chinese hamster lung fibroblasts tclone V79A03+ were
maintained as monolaver cultures at 37°C 1n an atmo-
sphere of 5% CO; in air in alpha minimal essential
medium supplemented with 105 fetal calf serum. 100
U/ml penicillin. 100 ug/ml streptomycin. 2 mwm L-gluta-
mine. and 25 mM Hepes. For nuclear transport expen-
ments. cells were plated onto glass coverslips 19 - 35
mm:. Cells were used when they were 70-80% conflu-
ent. To prepare for permeabilization the cells were
placed on ice. washed with cold Buffer A” (20 mm
Hepes. pH 7 3. 110 mwM potassium acetate, 2 mm mag-
nesium acetate. 1 mM EGTA. 2 mwm dithiothreitol. 1 ug/
ml each of aprotinin. leupeptin. and popstatin 121.22)
and thenincubated 5 min on ice with 35 ug/ml digitonin
i Bufr A* The cells were washed once again after
permeabilization with cold Buffer A~ a«ud leff in c2id
Buffer A® untii needed
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Preparation of Cvtosolic Fraction

V79A03 cells were harvested by scraping from the
tissue culture plates with a rubber policeman The cells
were washed with cold Hanks' balanced salt solution
and resuspended 1n hypotonic buffer 110 mum Hepes.
pH 7.4. 5 mMm MgCl,. 1 mm PMSF. and 1 ug/ml each
of aprotinin, leupeptin. and pepstatin’ at 10 mV10*
colla. The cell suspension was left ¢n ice for 15 min and
then disrupted with 15 strokes of a Dounce homoge-
nizer (pestle A1 The mixture was centrifuged at 1000g
and 4°C for 10 min. producing a supernatant that was
then centrifuged at 10.000g and 4°C for 20 min. The
supernatant resulting from this step was centrifuged
at 150.000g and 4°C for 2 h. The resulting supernatant
from this high-speed centrifugatior step was dialvzed
overnight at 4°C against multiple changes of Buffer A*,
concentrated in a Centricon C-10 microconcentrator.
and brought to a prutewn concentration of 40 mg/ml
with Buffer A*

In Vitro Nuclear Transport

A standard transport reaction contained bovine se-
rum albumin (1 mg/ml). ATP i1 mM), creatine kinase
120 U/ml. creatine phosphate (5 mM!, cytosolic traction
110 mg protein/ml'. and TRITC  nucleopiasmin (5 ug/
m::, byovught to a final volume of 20 ul with Buffer A*
122). Coverships. containing the digitonin-permeabi.-
ized cells. == blotted on a paper towel to remove ex-
cess fluid and placed cell side down onto 20 ul of the
transport mixture on a sheet of parafilm. Transport
reactions were run in a humidified box at 36C for 15
min. Other additions to the transport reactions are as
given in the figure legends. Reactions were ierminated
by the addition of 250 ul of cold Buffer A* The cov-
erslips were washed once with cold Buffer A* and fixed
on ice for 5 min with 3% paraformaldehyde in Buffer
A {Buffer A* minus dithiothre:iol and protease inhibi-
tors). The coverslips were washed with coid Buffer A.
blotted on a paper towel. and mounted on a glass slide
on one drop of 1 mg/ml phenylenediamine in 90%
glveerol/10% phosphate-buffered saline. Nail polish
was used to seal the edges of the coverslip. Slides were
examined with an Olympus AH-3 flucrescence micro-
scope and photomicrographs taken with Polarcid Type-
57 Glm.

RESULTS AND DISCUSSION

The construction of pET16b-NED is shown in Fig.
1A. A 0.68-kb Ndel/BamHI fragment from pT7-NED
containing the coding region for the X [aevis nuclec
plasmin gene was ligated into Ndel/BemHI-digested
pET-16b. The resulting plasmid. pET16b-NED. con-
wnted the nucleoplazmin gene plus an additional 21

KALINICH AND MCCLAIN

ATGGGCCATC ATCATCATCA TCATCATCAT CATCACAGCA

GOGGCOCATAT (GAAGGTOGT CAtstggris gasticgrgr
xAATTOCGC. ..

C

MGHHEHHHHEHBEHBHSSGCHLEGR®H
MARIRAQFR

FI1G. 1. Construction of pET16b-NED ‘A: Plasmd maps of pET-
16b and pT7-NED and the construction 5f pET166-NED Details are
given in the text The la repressor gene is represented by lacl. while
the gene conferning carberciilin i ampecillin’ resastance 12 denoted by
bla 13-lactamase: B' DNA sequence of the expressed hinker regppon
between pET-16b and the nucleopiasmin gene The first 62 base
pairs ‘uppercase ! are denived from pET-16b The next 20 hase parrs
{lowercase’ are 3 result of the cloming procedure used to subcione
the nucleoplasmun ¢DNA nto pT7-7 '5¢ The bold letters represent
the first base pairs of the nucleoplasmin ¢cDNA 23 :C: The amino
acyd sequence of the linker reghon described 1n B The underhined
region indicates the Factor Xa protease cleavage site

amino acids attached to the amino terminal end of the
protein. This stretch of amino acids contains 10 histi-
dine residues that allow for protein purifcation by
metal chelation chromatography and a Factor Xa prote-
ase site that allows for removal of the “leader sequence™
from the nudeoplasmin. The base and amino acid se-
quences of the linker region are shown in Tigs. 1B and
1C. The presence of the leader sequencs disl nng afnge
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the abhity of the nucleoplasmin to be imported to the
nuclear interior. 20 1t was not routinely removed -data
not ~shawn

A representative Coomassie blue-stained SDS - polv-
acrvlamde get of the fractions obtained during the pu-
nfication of nucleoplasmin 1z shown in Fig 2 Lane 1
12 an umnduced culture of BL21'DE3' contaimning
pET16b-NED The protein profile 1n lane 2 was ob-
tained following a 3-h induction of nucleoplasmin by
PTG As seen. an intense nucleoplasmin band magrat-
ing at a molecular weight of appruximately 32 kDa
constitutes much of the protein 1n this fraction Lane
3 1= the supernatant resulting from the sonication and
centnfugation of the bactena After heat treatment - 10
min/R0 € and centnifugation. the profile in lane 4 was
obtained This step eliminated the majonty of the hac-
tenial proteins However. along with the nucleo-
plasmin. two additional bands. migrating at approx:-
mately 21 and 26 kDa. are apparent To punfv the
nucleoplasmin further. metal chelation chromatogra-
phy was used The nurleoplasmin-containing fraction
was chromatographed nn a N1 column. which bound
the ohgohistidine ieader sequence hgated to the nucleo-
plasmun  The contaminating proteins were then
washed from the column and the nucleoplasmin was
eluted as descmbed The clumn-punfied nucieo-
plazsmun 15 shown in lane 5 The 21- and 26-kDa bands
were stili present in this fraction. albeit as only a very
small percentage of the total protein 109 and 03
respectively: Lane 6 1= core nucleoplasmin ‘nucleo-
plasmin lacking a nuclear locahzation signal: and was
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prepared by treating intact nucleoplasmin with trypsin
17 The 20-kDa band 1= the menomeric form of the
cure nucleoplasmin. while the higher-molecular-weight
band represents the pentamenc form A Western bloy
of the nucleoplasmin 1colation fractiens iz shown in Fig
3 Lane 2 ‘uninduced culture- shows no reactin A 32-
kDa band was recognized by antisera produced against
X laetts nucleoplasmin in each of the 1solation frac-
twons lanes 3-6: Lane 7 .core nuclesplasmin: shows
a reaction at 20 kDa
In addition to the 32-kDa band. the nucleoplasmin
antizera also recognized the 21- and 26-kDa bands <een
in the Coomassie-stained gel. indicating that these

TABLE !

Punfication of Nucleoplasmin

Protsan Porventags Porantag Faid
Fraction my nucpoplasmie vield parfiatne
irducesd 212t 2 foue
Horrogenate ~Tos . an i
Heat a0 R 11 N
Coiumnp Tah Y TN 11 ;
Note Prageyn ooncentratims wery determinedd using the setheed

of Rradford 23 ino an basd or o Tigter caitury SIS poh e
amde gels aery ~canned by g s denateme 1 The dencits coium.
A the nucleaplsamin band 32 &Ds sliulated and diodesd by
the density wolume obtined foam < o oning the s ntim cample Jane
e v id TprrTentags noclespiasmn’

Lo IR L IRY

Aun lesspiasmin as 2 perventags
# 1otal prdtesn
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bhands represent a truncated form of nucleoplasnun
Even though the<e proteins had no affect on the abnbn
of nuclenplasmn e accumulate 10 the nuclear intenor
we <ought to determine their ongn Ongnalhv at was
thought these band< repre<ented protems produced
from methionine residues 37 to the imtiator methio-
mine Thic <hould result i <horter form= of nucleo-
plasmun that nught <ull be immunolagically recogmzed
by the nucleoplasmun antisera However f this wern
the ca~e. the ohigohistidine leader <equence would not
be pre<ent. and the truncated nucleoplasmin species
would not bind te the N column A< <shswn in both
Figs 2 and 3 the truncated forms< of nucleopla<nun
bound te the Nio column The shoriened nucivo
plasmin speaies many have resulted from proteah s
during the ~oliation procedure However the presence
of the protea=e inhibitors PMSE . pep<tatin. leupepting

and aprotimin dunng colation weatd tend 10 arvue
agatest that pesability Furthermon B o200 ctraan
BL2TDEZR 1< dencient an btk the o0 and the oo nT
proteases that would contribute 1o sample proceahvgs
13 We attempted to chimmate these truncated nu-
cleoplasmin band~ by treating the bactenial culton
with nfampicin 30 vun after IPTG anduction toinhyba
transcnption by the bacternial RNA polvmerase~ and
production of any bactenal proteases Howevsy no dit-
ferences were nb<erved between the god patterns of nu.
cleaplacomn obtaimed from rifampian-treated and cun-
treated cultures Changing the cncubation temperaturn
A 35 37 € the cuiture medium MYZYB LR and
the harmvest time 30 mun to 3 h po<t- PTG induction
also had ns effeet on the distiibution o the itact and
truncated forms of the nudcleoplasmin duta not <hown

The ornin of these band< remams te be determinesd
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Table 11¢ a summan of the punfication of nucleo-
plasmin  After induction wath IPTG. almost of the
protein preszent in the “induced fraction”™ was nucleo-
plasmin Senication and centnfugation of the bactena
vielded the “homogenate fraction -~ Nucleoplasmin ac-
counted for greater than  of the protein content of this
fractinn The ~heat fraction” wa= obtained after heat
treatment and centnfugation Nucleoplasmin made up
well over 73 of the protein found 1n this fraction. wath
the truncated nucleoplasmin forms and small-molecu-
lar-weight contaminants accounting for the remainder
After metal chelation chromatography. greater than
9%‘. of the protein in the “column fraction” was nucleo-
plasmin 32 kDa: with the remaining protein being
mostly 21- and 26-kDa truncated forms: of nucleo-
plasmin 'approximately 1 and 0 5. respectively:

After =idation. the nucleoplasmin was flunrescentiv
labeied with rhodamine and tested in an in 11tro nu-
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clear transport svstem using permeabilized mamma.
han cells 2122 Shown in Fig 4A are the phase oon-
trast and fluerescent photomicrographs of a4 30 € 15
min transport expennment run with and without the
cvtosolic fraction When incubated 1n the presence of
the cvtasalic fraction and an ATP regenerating svstem.
nucleoplasmin s imported to the nuclear intenor of
digmtomin-permeabihized V79A03 cells When the ovte
ohc fract:on 1= omutted. the nucleoplasmin does nat
locahze to the nucleus This ennfirms the results of
other investigators using nucleoplasmin 1<olated from
X laeris oocvtes in stmilar nuclear transport svstems
21,22 24 Figure 4B demanstrates that nuclenplasnun
lacking a nuciear localization <igmal  core nucleo
plasmin: does not translocate to the nuclear interior
The requirement for ATP 1= represented 1n Fig 40,
which shows that onlv a small ameunt of nucleo
plasmin s locahzed to the nucleusif an ATP regenerat.
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ing svstem 15 omitted from the reaction misture The
small amount of import observed can be attnibuted to
endogenous ATP in the cvtosohc preparation. As dem-
onstrated in Fig 4. nucleoplasmin produced 1n E coli
and punfied by this procedure performs in a manner
anaiogous to the nrotein 1solated from X /aet s oorvies

We have developed a procedure fur isolating mulh-
gram quantities of nucleoplasmin produced in E cols
strain BL21:DE3' The isolation procedure 1s rapid and
routinely vields 70-80 mg of nucleoplasmin per hter
of bactenal culture The nucleoplasmin produced by
this procedure migrates at the same apparent molecu-
lar mass on SDS-polvacrvlamide gels as nucleo-
plasmin isolated from X /aetis cocvtes and 1s recog-
nized by antisera produced against the Xenopus nucleo-
plasmin The £ col:-produced nucleoplasmin 1s also
transport-competent. It 1s imported to the nuclear inte-
ror of digntonin-permeabilized V79A03 cells Nuclec-
plasmin lacking a nuclear localization signal i core nu-
cleoplasmin: does not associate with the cell nucleus
As with other systems. nuclear import 1s dependent
upon not only an intact nuclear localization signal but
also the presence of cyvtosolic factors and ATP. This
procedure provides an easy method for producing and
punfying nucleoplasmin for nuclear transport studies
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