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share many physical propertles with veltebl dte parvowruses, such as e
;J‘Of about 5 kb in a robust, icosahedral particle with a diameter of clb()LI
Their capsids: :!711slst of 60 subunits, each of a single protein. Nonetheless, the vertebrate
br}ateiparvo‘ vii 1ses have very little sequence identity and their genome organization)
T ereforel txw Hsubfamilics are row;zm/od within the Parvonividde family, the 1’(1)’1){)1!1)1;;
uses pf verteh ;dtes) and the l)enso(mn(w (prnvmlrusos of invertehrates). .
Densov1ruse$ iwere among the first parvoviruses recognized, in the mid-sixties (3), but have not! been
studxed as extenSWely as the vertebrate parvoviruses. It was assumed for a Jong time that: all denSO\'II‘
uses would shaVe similar properties (a homogeneous genus) (4), and only recently hdve they been
subd1v1ded mto three genera based on dlfferences in sequences genome orgam/atxon cmd capeld
composmon ’5

The densovxruses of the hest- studled genus, the szmum(x contam a re]atxvelv large genome (> 6 kb),
and encap:ldate hoth positfve. and negative-sense genomes, in equal ratiosinto separate virions. These
densoviruses have an ambisense ;genome (scc bclmv I)enso\lruses from (“(///mm nze/lmw/la and
Junonia coenia belong to this genus. ' .

The densovirus from Bombyx ;no'rz" (type-1, eg. The Ina 1solate) is so different from those of the
Densovirus genus that it has been classified into a separate genus, the [teravirus. Thus far, it isthe only
virus in this genus although a densovirus isolated from the cockroach Periplaneta fuliginosa, PfDNV.-2,
rnay also belong to this genus, Both the positive- and negative- sense strands are séparately encapsidat-
ed, but lferavirus have a monosense organization (51, In Contrast to other densoviruses, the lleravirus
genomes do not have Y-like terminal structures .1lth<>u;:h 153 of the 225-nucleotide terminal repeats
form 1mperfect palindromes (6), i : ' S :
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A thlrd genus, Contravirus or Brevidensovirus, contains densoviruses that have a small, 4 kb genome
(hence “brevis,” Latin for small, short) with a monosense organization and terminal Y-like palin-
dromes. Primarily the negative strand is encapsidated, not unlike many vertebrate parvoviruses. At
least two densoviruses, isolated [rom mosquitoes, helong to this'group (7.8).

A fourth group of densoviruses, which have split genomes with a total size more than double of any of -
the others (see Bando ef /., this Symposium), should in our opinion not he considered true densoviruses
despite their name. Although some of the physical properties resemble those of true densoviruses, they
do not have terminal palindromes and do not replicate by the rolling hairpin mechanisms of other
parvoviruses. Their genome organization and expression is also different.-from parvoviruses.,

Many densoviruses have not been studied in sufficient detail to permit their classification. Moreover,

molecular biological studies of parvoviruses from other m\'ertebmtes such as shrimp and Cl‘db are
required to ermlt their definitive classification.

In this study, we present results on the molecular biology of several, as yet unclassified, demc)wruses
which Dermltted a better understanding of the diversity of densoviruses and also a re- classxfu.auon of
the demovxruses Moreover, we present the first atomic structure of a densovirus (GmDNV), obtamed
through X-ray crystallographic studies, which provides us with tools to study in more detail ;the
structure-function relationships in tho Densovirus genus and the lmpact of the structure on the densovn

us evolutlon and tropism, /
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GENOME ORGANIAATION OF DN¥Vs. :
The first densoviruses that were sequenced have been BmDN\/ 1 (5,6) from the.lteravirus genus and
JeDNV (9) and GmDNYV {10) from the-/)wzwz'mzs genus. The sequencing of the Aedes aegypti and A.
albopictus DN Vs demonstrated the necessity of a third genus (Bretidensovirus) (7, 8), Recently {unpub-
o lished results), we have sequenced densoviruses from Fseuwdoplusia includens (PIDNV) (11), Diatraea

2 saccharalis (DsDNV) (12), Achela domesticus {AdDNY) (13), Culex pipiens (CpDNV) (14), Mythimna
' lorevi ( MZDNV) (15), whereas the sequencing of the genome of the «densovirus from Casphalia’ eu‘7ane

! CeDNV‘ § ,1s advanced ancl those from isolates from C/zz/o aganzaumon and S[Joa’o,/)Zem /zttm ik | ‘ _\‘re
i underw[dvt P Co qﬁ .'|s{"13;
1 Accordin toitnex risequences and guwme mgdnl/atmn 'the PIDNV. DsDNV, CpDNV AdD I\I A

MID V‘a belon it the Densovivus genus. The genomic organization-of the members of the‘l 31! Ql

s ;zequc.‘ls dxsdlay&;d in Fig. 1 and is compared to that of a vertebrate parvovirus (porcine pcn”l c>
A A strlk nglfeatuxc\ls the ambisense organization of the Densovirus, where the nonstructural(g; et
P (NSs) a’ &ock;d pnithe 5'-half of one strand and the structural proteins on the 5"-half of the co eh.
tary s ﬁran A]ttho%gh for vertebrate parvoviruses the various nonstructural'and structural prqt"l ]liii" e
e\pu,ssqd !(hmmzh n'alternative splicing mechanism, the VPs are e\pxe%ad thxough a leal\v scanniﬁfz

mcchamsm of tbm\’,,[’ ORF (see Bergoin ef al., Chis Symposium). In the Gnique region-of VP1, a 39 ammo »
acid motlf LGP mbuf) is highly conserved between PPV and GmDNV, evenithough it is mterrupted b
by an mtron in‘the case of PPV. It is noteworthy that several vertebrate parvoviruses (AAV, ‘ADY) as .
well as. some dénso{/lruses in the other genera lack this conserved motif. Conserved regions have also‘ '
heen consc,rved w1thm the NS between GmDNV and PPV ‘(eg., helicase superfamily Il motifs). The "
PIDNV: and DsDN\"’ have a significant sequence homology with (;mI)NV andi/cDNV .(all in the order
of 70- 800/) whem(\&, MIDNV is very closely related to-GmDNV ( 9—>% identity). The close relation-
ship between CmDNV and MIDNV is interesting since their troplsm differs greatly, CmDNV. being
monospcmf:c and 1nfectmg only Gallerie mellonella whereas MIDNV iy pul\'speuﬁc and infects a large_
number of (pest) Lepldoptera Interestingly. CoDNV and AdDNV haveashorter genome than the other
Densovirus ‘members (5:5.5 kb vs 6 kb) and'a low sequence homolog\f\(for some regions. of the genome
hardly above background) but their genomic organization is clearly that of the’ Densovirus.
CeDNV, which like the densoviruses from Sibine fusca {SFDNV and Penplaneta Juliginosa (PFDNV),
causes tumour- like' cell proliferation in the (midjgut. was found ‘to have a genome sequence and
organization which resembles that of BmDNV-1 (sce Fediere and T usxen this mecting) and should also
be classified into the fteravires geous. IUwas observed previously that’ C()I)NV replicates in Bm40 cells
(17) and that protein composition of CeDNV resembles thdt of BmDNV 1(18).

ATOMIC STRUCTURE OF GmDNV.,

The capsid of GmDNYV consists of 4 structural proteins that are cocled as a nested set of gene products
with identical C-termini. The differences among these proteins are thus defined by different N-terminal
extensions (sec Bergoin ef «lf., this Symposium), The structure of the capsid is thus determined by the
common part of the 60 protein subunits. After N-ray crystallography and Fourier back-transformation,
the main chain of this protein was unambiguously traced by means of 4 3.7 A, icosahedrally-averaged,
electron density map from residue 22 to 436 of VP4, Like most virus capsid proteins, the subunit
contains a core S-barrel domain. The program DAL showed that the GmDNV structure had the
greatest similarity with that of the canine parvovirus (score ¢f 9.7¢ Above random hit). When the
rotational symmetry axes of GmDNV and canine pdrvovirus\CI’\’) are superimposed, the 8-barrel of
CPV must be rotated by 7.5A And translated outwards by 9.5 A in order to superimpose it onto the
B-barreli ofﬂGmDI\ V. The g-strands in.the GmDNV subunit are connected by long loops (upfto‘. :QO :
resxdues) thatldre 1mportdnt for the intersubunit contacts as well as the surface of the v irion. Bothj¢ é, ;Y
and GmDNV ‘subunits contain loops 1, 2, and 3 but with little or no identity while only CPV has loop‘_
4. In CP¥V, loop 3 forms the base and loop 4 the spike at the treefold vertices, whereas in Gm DNV loop
3 is much shorter and forms a B-annulus type structure around the threefold axis, similar to tomato
bushy stunm virus: -and southern bean mosaic virus, and loop 4 is altogether missing (no spike). The
sequence. arouncl this 10 A is particularly variable’among DNVs and suggests that this annulus is'a

flexible : part of the structure and might form a portal for DNA or ligand exchange,. i
Both (,H\” §md G DNY have a channel along the fivefold axis of rotational symmetry of the capsxd
For CPV, this channel is about 45 A long and lined with small amino acids whereas for GmDNV litiis
only 20 A long.and lined with large hydrophobic amino acids. In both instances the channel has a
diameter of.about 9 A. It has been suggested for vertebrate parvoviruses that the N-terminus might

extend frorﬁ the interior of the capsid through the channel and that the stretch of a conserved
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,glycme rich sequence would be 1mportant for thl‘S purpose. It is difficult to env1sage that a'long and
"bulky polypeptide (374 amino acids for the extension of GmDNV VP1) could be threaded through this
‘channel after assembly of the capsid. In addition the N- termmal domain of the GmDNYV has been
_swapped with respect to CPV. For CPV, the amino end of A folded back towards the fivefold axis
whereas for GmDNV it is essentially a linear extension and hyrogen-bonds with the neighboring
. two-fold related subunit.

' Abqu 145% of the solvent accessible surface area of the subumt of GmDNV is buried (ie., 15,20.and 10%

i
.at t (L»I* el ,ﬁthree and twofold 1nterdctxons respectively). A putative divalent cation bindjn : ite could

-

- ] g .Md'lran‘t’ d by residues Glull6, Aspl56, GInl57 and Asp357.: i3 5,'
1 : ssDII,\I N';:; s, icosahedrally well ordered in CPV but not in GmDNV. This may be result (l' onr “juire,
i thelpresenc 161 polyamines within the capsids. Anpther distinct feature underneath the. subilhi siis the
U flg | 6 n#;oh’ Oll'lllé,A to the neighboring twofold-related subunit (“domain swapping”) and’ ght "‘Y;,t‘a%ases,
1{ ] E.f: Irt’é'?pec ita CPV the number of interactions between the subunits. i | i
,“'E’r.z";,i‘ ilthe, tl,zr‘.ée [‘d?splkc present in CPV is absent in GmDNYV, The 1ntertwm1ng loops of . the‘ its of
!fl L Gm] ,Ii\ﬁlél;;’_.‘fori‘l;wan antiparallel g-annulus structure. The function’ of receptor recognition of:thislspike
: i E‘i'h;ll’n'? ]'gawt‘parvovxruses is apparently carried out elsewhere in densoviruses. §
A b AT i . .

EVOLUTION.OF DNVs S
lee‘ for vertebrate parvoviruses, the NS proteins are more conserved than the VP protems but.
dlfferent parts fof the VP protems show considerable variation:in the level of conservatlon Particular-
' ly.‘thetsequcntex involved in the S-barrel are highly conserved. For VIP1, the most divergent stretches

.are formed b,y residues 1-134 and 277-375. Particularly varlable is the sequence of Toop 3 defining the
. threefold - annu]us Comservation of particular stretches with one or another- densovxrus suggests

recombmatlon while viruses mfected the same host and acceptance of such chlmera as’ advantageous

for partxcular hosts. B ' :

' The extensive sequence and structural d]fferences out51de the [B-barrel mot1f indicate a lengthy,

‘divergent evo]utlonary development of invertebrate versus vertebrate parvoviruses. ! ;

The study of closely-related densoviruses with different host ranges by means of gene domain swapping
e . and site-directed mutagenesis of ‘infectious’ clones is underwav and should Iead to a well-defined
S - structure-function relationship and demonstrate how host range can be restricted or how insect viruses
NI may evolve different blologlcal properties. On the other hand ‘the host may evolve into a resistant
o phenotype upon a particular co-evolution. . Do t . ,

£ - PPV Hl ABC ’ VP1 ‘ ‘——rVP2 !

RGLTLPGYKYLGPGNSLDQGEPTN PSDAAAKEHDEAYDK
RGLTVPGYKYLGPGNSLNRGQPINPIDNDAKEHDEAYDKL
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! Con'ﬂpartson of genome organization of GmDNV and porcme parvowrus (2, 20). Note that srgnlflcant
' motifs may be conserved between vertebrate and invertebrate parvoviruses Motifs | and Il represent
" initiator (replicator) protein motifs and A, B, and C Helicase.superfamily [l motifs. The unique portion of
. both the vertebrate and invertebrate parvoviruses contain generally a conserved LPG region.
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