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-~ Onthe us:umpnon mm clephmpharylmim at‘ e ns urmmpiu coronuvirux .l HM UEHMY) nucleaeztpmd proein (N) may Be cﬂnn:cted with initmian B
~of the infectious eyele we searzhied for a relevant host enzyme activity. Analysis of subscHular fractions from L-2 murine fibroblasts, séparated
by dunl Percoll density gradients, revealed the prcseuec of a phosphoprotein phosphitase (PPPase): co-sedimenting with ile enddsosomal/prelysa.
. $omul material, which possesies High activity ngainst N. With purified (PPN as wubstiaic it was demonstrnted that this PI*Pase, distinguishahle |
" from acid and aikalineg phesphutuses. aets optimally ut neutral pH imthe presénceof Mn** milm\-mg Ireatment with'a detergent. tnmpleto inhibition,
with ckadaic oeid at 0.9=4.5 #M bul not at 1--10 nM relogaies this PPPase to'a type | prmcm phasphataze, Similar PPPuse activity for N vwag
- ‘présent in the éndoseme (tuction of arat Roe-1 asirocytoma-oligedendroeyte cell line and in homaogenutes of brain snd cultiired oligodendrocytes.
\ Our ditd -guggest !h:ll the phosphorylated N of the inceulum may be madified by the éndosomal PPPase in hos: cells, including 1lmsc from the _
: ‘ C.N& $0 8% 1o fellitaie the JHMV mfcenous process.

Pho:phapmtcm phnsph*lusc. Endosomie; Ccrcnwms Nucleocslpsm prntem

IN I'RODUCTION

Protem phosphorylauon is known to be fundamental
in the rcgulauon af numerous cellular processes {1]. In
the case of viruses differential states of phosphorylation
can profoundly modulate cell-virus interactions and
gencrally influence the infection (2, 3]. ‘Protein phos-
- -phatases (PPases) of several well-categorized. classes
[4], acting in concert with protein kinases, also affect
many . cellular processes but have not- been shown,
heretofore, to be involved directly in viral functions,

Coronavirus. JHM (JHMV), a neurotropic strain of
mouse hepatitis virus (MHV), causes demyelinating and

‘encephahtlc diseases in rats and mice; Demyelinating’

lesions in the white matter of the rat CNS presumably
occur due to the tropisin of JHMV for glial cells of the

* oligodendrocytic lineage [5]. Evidence from several

studies indicates that the infectious process which com-

. mences with penetration may be initiated at or near the
- cell surface, perhaps following sequestration of the in-
oculum in an endosomal compartmem wnth a neutral
pH milieu [6-8].
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In this paper, we present data regar'ding partial -

characterization of a phosphoprotein phosphatase,

associated with the endosomal fraction of host cells -
(PPPase), whichis highly active against the nucleocapsid
protein (N) of JHMV., Among the 3 major structural

 proteins of JHMV, N is phosphorylated (9] and has the"

capacity to bind nucleic acid [10]. Implications of de-

_phosphorylatmn of N on early host-—vn'us interactions

are discussed,

2 EXPERIMENTAL _

2.1, Ma!ert'a.’s

- Okadaic acid was purchased from Moana Bloproducts. Hawaii. -
Agid phosphatase of potato was obtained from MNutritional Bin.
cliemical Corporation, Ohio, alkaline phosphatase of £, coh from

o Slgxm. St Louis and Percoll i‘rom Pharchn

2.2, Virus :md cell cu!lyres ‘

Propagation of L-2 murine-fibroblasts [11] as monalayers and .

corpnavirus JHMYV, including plague assays (pfu), followed pro- . .

cedures described praviously (5], Susperision cultures of L-2 calls for
biochemical studies were grown in MEM supplemented with 8% MNu-

Serum plus 2% FBS. The immottdlized Roe-1 cell-cell hybrid line, of "
‘ rat Cg gliomax primary oligodendroceyte (a kind gift from Dr. F.A.

McMorris, The Wistar Institute, Philadelphia, PA), was grown in
Dulbeceo’s modified Eagle's medium (DMEM) supplemented with .

10% FBS, 1.2 g/1 NaHCO; and 1 x HAT supplement . (Gibso). ‘
* Primary cultures enriched for rat oligodendrocytes (95% pure) were . -

isolated and cultured for 10 days as described previously [12];

2.3, Homogenaies and subcellular fractionation and characterization
Homogenarés obtained by a' Dounce homogemser of ollgOy

' dendrocyte and whole brain from 2-day-eld rats were suspended in - :

Cat



\rmume 35 number 3

TREL. buffcr R0 mM TrhuHC‘:I {ptt % $), LM E Cﬂ*.v'\ SD i I’MSF
per ml and 2 pg lcﬂmpliﬂ per il
Subellular fracrionation wis achieved by méans of «:cmrifngaﬂaﬂ

‘ thrauph dual Pereall gradients &x (v Merion and Pareta {13, The frag.

tlonx were eaue%:ml sturideg Vram the bﬁugm of the wbe,

-3 Mwlcer easyme aLvayy

Acid phosphadinse was avayed aﬂwming 16 Faden and W ang {14},
Lactate dehydrogenase (EC FE LI using te Sigma Dlugneatic
reagent. kit (LD-L) Sigma Diagnestics, 81, Louis, MO), atkaliae

phosphalase as deseribed by Lee e ab. (53], fexeept thae the. reaction. -
mixture, made up toa volume of 1.0 m! with distlled waier, conuined

t+ umol pNPP, 20 pmol Mg€lz and: 20 pmel Tris-HCY, pH.9.0), the
ounrbalin-tensitive (Na®, K “)depandent ATPate activity as deseribe
by Cates and Holland [14} and fegalactosidase ax in Hall e al. [17).
Protein way me“urﬁ(l acmrdmg o Lawry ¢f 4l (lﬁl L

X5, Eleciron mk TORCGRY aj ::mt'mulm" j’rarrfﬂn.r

The bioehemimlly characterized lysosomal and endosomal Frae-
tions were sedimenied ar 10° % g foe 60 min into peliets, These were
fixed with 1% buffered glutaraldehyde, post-fixed in 00, und pro.
ceswd for ultramicramomy and c\nminmlon ina Philnm EM 360 ns
deseribed previausly [[9), ‘

2.6. Purqﬂmrmn aj i, Iubt.'Hed viral rmrfmum.mh

Canflugnt L-2 cell manolayers in 600 em? trays were moeulnted ‘

with JHMV atanm. o, of 0.01 pluseell. When 10-15% of the mono-
layer became Mused into syneyiia, usually 12 hafter infection at 32°C,
the cultures were mcubmml for 2 h in phosphate-Tree medivm a
"37¢C. Then 2.mCi [*Parthophosphale (DuPant, Canada, specific
activity: 8500 Cizmmoly was added and syneytiogenesis allowed to
praceed to completlan, The cell material was washed thrice with cold
PBS, seraped and suspended in 1.5 mi H;0 per tray, then disrupred
by squeezing through a:syringe tipped with a 30-gauge hypodermie

need:ie. The resulting lysate, buffered with TMEN-6 (Tris-maleate 50
mM, EDTA 1 mM and NaCl 0.1' M, at pH 6.0) was gentrifuged ar

2000 x £ for 15 min to'obtain a supernatant fraction containing the
nucleocapsid component, Membranes were solibilized with NP-40 at
a final concentration of 0.5% by shaking at 0°C for 30 min. Follow-
ing cenlrnfug'uion at 1,3 10" % g'for 20 t through a-15 1o 50% (w/w)
sucrose gradient in TMEN-6 containing 0.1% N-40, layered over a

65% sucrose cushion, 1 ml fractons were collected from the boitom . '

-and analyzed for N by SDS polyacry!amxdc gel ¢lectraphoresis (SDS-
PAGE) [20] and where appropriate, also by Western blotting [21).

The batiom: 4 gradient fractions containing concentrated N .were

pooled for preparative SDS-PAGE. Visualization in the gsl by 4 M
sodium acetate [22) permitted pracise excision and extraction of the N

band froim the gel, as described by Pruslin and Rodman [23), Theex-:

fract was clarified by centrifugation and filtration and dialyzed
-against distilled water, Homogeneity and purity of the product vas
assassed by. autoradmgraphy and Western blotting, using a mono-
; cloial (Mab) anti-N anubody (kindly provided by M, Buchmeicer of
the Scnpps Chmc and Rescarch Foundauon La. Jolla)..

2.7, Phosphnprofem phosphma.se ussays - : '
The reaction mixture consisted of 25 mM Tris-maleate burfer (pH
7.0), 1 mM MnClz, 0.1% Tritor X-100, *¥P-labelled N and the en-

zyme fraction (20-100 g protein) in a total volume of 100 ul. After.

incubation at 30°C for 90 min the reaction was terminated by addition
of 400 ul ice-cold 25% TCA plus 50 pl 1% BSA dnd left overnight at
_0°C. **P released into the supernatant by enzyme action was assayed
by the methed of Maeno and Greengard [24]. Qualitative assessiment
of dephosphorylation was obtained by comparing the autoradiogram
of SDS-PAGE sepatations of control and expenmental reaction mix-
-tuws on IO% ﬂcrylamlt_le gels '

_‘3. RESULTS | | | _
A’ protein phosphatase activity against’ pi.u-ified N
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protein, wh\eh cuuld be activated with Truan K-IOG__
was detected in L-cell homogenates. Subeetlular frac-

: tianmicn intended 1o separate membrancous organelles

was carried out by means of dunl Percoll gracients [13].

“The data regarding distribution of marker enzymes ob-

tained from such fractionation are summarized in Fig.
1 and Table [. The markers for lysosomes and endo-

| ' somes were acid phosphatase and A-galactosidase. The

activities were distributed in ‘3 peaks in gradient [ (Fig.

1, Percoll [). Peak I, at the bowom of the gradient

presum-ab;y contained the denser Iyvsosomes,. Pedk 2,
contained both lysosomal/¢ndosomal marker enzymes.

“and the plasma membrane ouabain sensitive Na*, K*-

ATPase. Peak 3 was agsociated with eytosolic material,

‘marked by the presence of lactate déhydrogenase and

alkaline phosphatase. When Subcellular materials
isolated in peak 2 of the first Percoll gradient were cen-
trifuged through the less dense second Percoll gradient,

‘endosomal marker enzymes beeame distributed near the
bottom, clearly separated from the plasma membrane
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“FIQ 1. Profiles of enzyime acuvmes presem in L-2 subeellular rrac.-

tions separated by centrifugation. through pradients, Profiles - of

marker enzyme distribution describe activities measured in fractions

isolated from Percoll I-(panels onleft) and Percoll M (panels on right)

gradients. Isolated fractions 21 and 22 from Percoll | were combined

and separated by Percoll il gradient; The representative data shown
were derived froim one of scveml similar expenments
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*Suhulluhﬂ xllurihutian of phmphapmwm phmpmume from L2

- ey, wesive on JHMY pusivocapsids

- Celt fracrion e Sianclard m:riwhy

Tolal hemegenals ‘ R 1/

. Tatal hemagenate witheu dv:m;vem = ‘ 39
Nuelear pelley , ' 349
Pastnuclear supernaume. o 147
Lyiosomal ) S S - 1 3}
Cyrasolie e oo : . 443 -
Endosomal . : ‘ e

' Preparallan of :.eu fractions and eneyme nxsays wers deteribed i fege
Corien 1 Swndard seriviy 1s the measure af dephmpharylmmn obrgin-

Ced with 30 pg eell hemogenae in the presence of 0.1% Triton 'N-]00

ot A0C for 90 min. Apprasimately 0.3 py of puriticd P Puabelied N

7 protein, with @ content af abouwl 1000 epm,  was present. a5 the.
sutsiraze, . The proteinsbound, remaining radioactivity was quan-
. litatively recoveralle in TCA presipitates. Triton X« 100 ¢0.1%) wex -

present i ail reactiond except where indicarse, [Data ealouisted ne the
pereeniages of standard activity represent drnhmpharylmms age
vividles fn different subeellwlar fraciions containing egual amoynts of

prmcm (50 1g). The duta shewn here sre rcprcsenlmwc of m'eml e,

perimeny,

“enzyme (Fig. 1, Percoll ). The pc’al» 1 fracuons from
the Ist Percoll gradient and the bottom fractions in Per-
call grad\ent I were enriched, respectively,.in lysosomal
and endoeomal compcnems, Electron mucmscol:uc

I’E’ H‘b LETTFR‘%

Mw l%l

' ﬂbservatmnm iHlustrated | in Fig. 2 rcveal@d the prexent.e"f -

of - larger membranecus structures, charagteristie of
fysosomes, in.fraction 5 under peak | of Pereoll gro.

" dient I and much smatler vesicles of the size and mor-

phology assoeiated with cndosomes in fraction 3 near

- the bottom of Percoll gradient I1, sup;mmng our hm- o

clmmlcal évidence,

“The data comparing PPPase activities against {’-P]N
s substrate, relative to the. activity in. the total el
homogenates, were obtaingd on subcellular fractions
and are shown in Table L. [t i evident from these data
that the endosomal fraction was enriched 23-fold ini this

PPPase. Marerial fram Percall gradient I in the frae-
. tiong. enrichet in plasma’ membranes contained only - .

minar dephosphorylaum activity {data nm shown).
The effect of the endosomal PPPase on the (*P]N sub-
strate, was also demonstrated autoradjographically, as

illustrated in Fig. 3, supporting the quantitative results.

~ The endosomal PPPase activity was stable during. -
storage at ~20°C for over two months, But’ profoundly

decreased upon freezing and thawing more than onee. -

The pH optimum, basd on measurements in buffers

~ containing sodium acctmc:, Tris-maleate and Tris-HCI,

providing the appropriate pH range, occurred at about 2
neutrality (data not shown). Mn** a1 |- mM was the re:

quired. divalent cation for optimum PPPase activity,

N T
B S
df. j

<

Fxg 2. Selected mampies of thin sections prepaled from pellets of cell fracuons char ac.u.nz,cd bmchemlcally as 1ysosomes (A) and endosome (B)

. The membrane enclosed organelles in (A) contan large qu.atities of multilayered membranéous material, In (B) the vesicles are smaller.and some

coma in dense material: The ‘granular’ background is due to aggregates of spherules of uniform size (arrows), most probably the rémnants of Per-
: col used in Pmdlents for: s:.pamtmn of cell fracuons oA and B magmﬁed ><53000

S 4
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I’|31 3. Dcphosphnryl*ﬂion of N by e:ndasomul PPP'lsc. Thc amy.

wis performed as deseribed in section 2. The figure Hustrates. an

‘aworndiogram af MP-labelled N separated by SDS-PAGE after in-
eubatlon In the absence (lane I3 and presence{tane 2) ol the cndmomnl R
Iraction of L-2 cells, [ & paraliel quantitative experiment the enzyme ‘

preparation. relensed aver 40% of the phasphorous from N,

Table 11

Effect ‘of divalent cations, sodium fluoride wnd okadaie acid on

PPPase and. acid phosphatase from: -2 cell endosomes
“Addiion

- Alivity of endosomal fraction en

MPNatpH 7.0 - pNPPal pH 5.5
(% clenhosphorylalion) (nm/mg prowm)

None IR N

Fe*, 1'mM : 0o I
o otmMo o 0 a0 ‘ -
Co**, 1 mM o 4.0 _ -
Mg**, t'mM : S 140 A -
Mo, I'mM , B8 T 4248
Mn*, | mM+NaF, 30mM . 19,5 L 17.3
M2, I mM+0.A;L 09 uM 608 -

Mn3, 1 mM * Q.A,, 4.5 uM 1.15 - o

Activity 'of PPPase on [MPIN. was monitored by determining the
releasc of P from the substrate as described in seetion 2 and ex-
pressed as % dephosphorylation. Acid phesphalase was assayed.with

p nitrophenyl phomhme as subsirate, The reactions were run for 90 o

min. ‘-’ denotes not done; O.A., okadaic acid,

“Table lll ‘
Acumy of acid and-alkaline phosphatases on thc N protem substmlc

Enzyme used _
(% dephosphory-

*lation)
L-cell endosomes 7.0 510
Acid phesphatase from potato 5.5 0
Acid phosphatase from potato-- - - 7,0 0
Alkaline phosphatase from £. cofi 9.0 0
" Alkaline phosphatase from'£. coli 7.0 0.2

. Commercially obtained acid phosphatase from potato and alkaline
phosphatase from E. cofi were tested initially at concentrations which
posiessed the same activities with p-nitrophenyl phosphate as sub--
straie as the endosomal PPPase from L-2 cells, The feactions were.
run for 90 min 2t 30°C. Similar results’ were obtained: using 10-fold, |

concentrations of the comimercial enzymes.

*In this expetiment the endosomal preparation had exceptionally hlgh ‘

dephosp mrylaung acnvny, the usual values bemg 30-40%;
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whale C’:a"* and Ms“" were less et‘fectwc and Zn’* and
Fe'* were inhibitory (Table Y. The PPPase in the

endosomal fractions could be differentiated from any .

cnntnmmutmu acid phosphatase by the degree of inhibl-
tion in the presence of 30 mM NaF: the acid phosphatase .

-was reduced by 96%, while the neutral PPPnsc by only
339, as evident from Table 1. ‘

~Okadaic acid, a known inhibitor of pratem phos-

- phatases, was used to demonstrate that the endosomal

PPPase belongs 1o the type | or 2A enzyme category of
Cohien et al, [25], Pretesting the inhibition by okadaic

~acid in a series of concentrations (data not shawn)
‘revealed that in the range 0.9-4.5 uM inhibition was
:B0-96% (Table I1) whereas inhibition was absent  at

1-10 nM. On this basis we relegated the endosomal
PPPase to a type | serine-threcnine protein phosphatase

rather than 1o a tyrosine-specific phosphatase (26). This
~was confirmed by demonsirating in standard assays de-

phosphorylation of **P-labelled casein und histone 2B,
(data not shown), Specificity of the viral N protein as a.

~ substrate for-the endosomal PPPase was shown by a
lack of dephosphorylating activity with acid (from

potata) and alkaline {from E. coli) phosphatases (data

in Table [11), For an objective comparison of these data -

it should be noted that assays were conducted employ-

~ing [**PIN at the pH and concentration appropriate for

each of the 3 enzymes, following preliminary 'testin-g
using pNPF as a non-specific substrate. _

In the context of our more general interest in infec-
tions by JHMV within the CNS of rodents {30], we ex-
amined neural cells and tissues for the presence of

. edroct eriracl dendrocyte ' . endosomes - endosomes

extract

" 'Fig. 4. Comparison of PPPase activity in braitl tissue and neural célls

with that of L-2 cells. The data frem one of several \'cpresentauve 2x-
periments are expressed as percent dephosphorylatlon of PN By
enzyiie in samples containing 50 ug protein during 90 min at 30°C,
Comparable assays. on neonatal rat liver-and kidney homogenates
gave PPPase va]u::s of 1.5% and 2% respectively. WF Wlstar Furth
rats. '
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‘PPPasc(:) actmﬂ on ["P]N subxtrme. We' campnred
PPPunse assays on: rat material, including extracts of

- neonntal brain, primary oligodendrocytes and a defined
-oligodendroeyte x Cy

endosomal - fraction  from
astroéyvtoma  Roe-1 cells, with endosomes from L-2

-cells, Since it is impossible to determine from which
particular eell type encdosomes originate when starting

- with the heterogenous cell population in brain tissue
.and was not possible to obtain a sufficient number of
purified primary oligodendrocytes for isolating en-

dosomes, we were unable to obeain any data directly on

endosomal PPPase in these two materials. [t s,

however, evident fron’s Fig. 4, that homogenates from

‘brain and primary oligodei1drocytcs contained respec-
tively about § and 12 times more PPPase, petr 50 ug pro-

“tein, than homogenates of L-2 cells, Assays made on

*liver and kidney tissue homogenates demonstrated that
. -thecomparable PPPase activities, 1.5% and 2% respec-

tively, were lower than those in brain and approximated

those found in whole homaogenates of L-2 ¢ells. The'en-
dosomal preparanons from L-2 and Roc-1 cells con-
"tmned comparable PPPasc activity. Therefore, the

‘PPPase which may play a role in:the infection of the

CNS by JHMV‘is‘ abundantly active in neural cells.

" 4, DISCUSSION .
' Presence of a sérine-threonine type 1 endosomal‘

- PPPase activity, evidently specificinthe dephosphoryla-

tion of a viral nucleocapsid protein N, ¢an be detected

~in murine L cell fibroblasts, rat glia! ccll line, explanted.

oligodendrocytes and. bram tissue, drawing attention to

the possible role of this enzyme in the infectious process -

of a neurotroplc coronavirus JHMV, Activation of this

PPPase in the presence of detergent suggests that the

enzyme is latent, perhaps res:dmg on the endosomal
- membrane rather than in the: fluid milieu of the endo-
some, It has not been estabhshed whether the PPPase

-pceurs at thé external or cytoplasmic face of this
organelle. The presumed role for a neutral PPPase
“localized in endosomes during early virus-cell inter-
-actions is consistent with clear evidence that corona- -

viruses, unlike many other enveloped agents, do not

pass through an acidic compartment to initiate their in- -
fectious cycles [8]. It is, of ¢ourse, well established that .
contents of endosomal vesicles progress from neutral'to:
an acidic milieu as these organelles migrate from. the
surface towards the interior where, due to membrane

fusions and proton pumps they become prelysosomes,
~then lysosomes with an acidic content [28,29]. The
RNA genomes of coronaviruses may gain access into

‘the eytosol near the cell surface, conceivably soon after

inaculum virions have been sequestered inside early
endosomes. Thus a neutral PPPase concentrated inear-

ly endosomes would be in a strategic position to dephos-

phorylate the coronavirus: N' component of nucleo-
- capsids after internalization of the inoculum virions.
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As 10 the bmlamcal slamﬂ:nnce of spemnc dephos-;ﬁ

pharylmion of the viral component by the endosamal -
- PPPase, our previous studies [30,31] indicated that @
- molecules of N out of which the protective coat around -
- the RNA gename is made, become: mpldly hydrolized -

after infection. Dcphoﬁphcwlatmw may be the inital

step required for the pracessing of N. This ided led us:
to hypothesize that the PPPase activity, deseribed here,
Ainitiates dissociation of N from the nucleacapsid so as
~ to promote uncoating of the RNA. The role of the
~ PPPase may also be of relevance in infections within’
the CNS, where JHMV is spcmf\cally tropic for cells of
the oligodendrocytic lineage both in young rats and
CNS explants [5]. Susceptibility to JHMV infection is-
lost when the progenitors acquire the phenotype of
“mature oligodendrocytes, The block due to maturation,
© which is apparent subsequent to attachment and se-
questrauon could involve the uncoating step, The non-
permissive state of mature: ohgodendrocytes for JHMV

could be related to ‘the c¢AMP dependent protein kinase -
metabolism, specifically involving a notable upregula-
tion of the regulatory subunit RI of protein kinase type
I [30). Since RI can suppress the endasomal PPPase.
when added to an in vitro assay system [31], there ap-

‘peared to exist in oligodendrocytes an intercelationship

betweeninduction of R and inhibition of the endosomal -

" PPPase. The consequence of reduced PPPase activity
in ohgodcndrocytes might be an adverse effect on the

um.omng of JHMV affectmg viral cxpressxon in the -
‘CNS '
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