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ABSTRACT OF THE DISSERTATION

Dependence of vesicular stomatitis virus polymerase function on structural

flexibility and domain-domain interactions

by

John Barragan Ruedas
Doctor of Philosophy in Biology

University of California, San Diego, 2013
San Diego State University, 2013

Professor Jacques Perrault, Chair

Professor Roland Wolkowicz, Co-Chair

Gene expression and replication of nonsegmented negative strand
(NNS) RNA viruses is performed by an RNA-dependent RNA polymerase. The
polymerase large (L) protein catalyzes all functions including addition of a cap
1 (m’GpppNm) structure on nascent transcripts. Alignment studies show L
proteins are modular consistent with a multi-domain protein. Reports of L
functions being coupled suggest orchestrated interactions among its domains
occur however specific domain interactions have not been experimentally
confirmed. At the start of this dissertation virtually no structural information

was known for NNS L proteins other than an EGFP-tolerant hinge region just
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upstream of a methyltransferase domain was discovered in the measles L
protein. This dissertation shows a homologous hinge region is also present in
the NNS prototype vesicular stomatitis virus (VSV) L protein and aims to gain
fundamental insight into putative interactions involving domains near this
hinge. Insertion of EGFP in VSV L produced a temperature sensitive
polymerase in minigenome assays with minimal effects at 33°C but severe
attenuation of RNA synthesis at 37°C. This phenotype was also observed in
engineered recombinant virus encoding this modified polymerase. Moreover,
this virus exhibited an inability to synthesize transcripts in vitro. The specific
effect on RNA synthesis led to the proposal here that the insert restricts hinge
movement thus impeding critical domain interactions. Four domains adjacent
to the hinge were exchanged with VSV serotype counterparts to determine the
effect on polymerase function. Exchanging the methyltransferase domain had
no impact on L functions in minigenome assays and recombinant virus
indicating it enjoyed a degree of autonomy. Exchange of the other domains
however abolished RNA synthesis showing polymerase activity depends
heavily on peptide sequences in these domains, supporting a model of
interaction between these domains and other polymerase components.
Combination exchanges of all four domains also yielded polymerase inactivity
with one exception. Co-exchange of the methyltransferase and adjacent C-
terminal domain partially rescued a defect that occurred by exchanging the C-

terminal domain alone. This combination rescued replication activity
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substantially more than transcription (avg. 67% and 13%, respectively)
providing evidence of an essential domain-domain interaction for RNA

synthesis that is more favorable for replication.
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DISSERTATION INTRODUCTION

Vesicular stomatitis virus (VSV) is a well characterized livestock
pathogen and prototype of the nonsegmented negative-strand (NNS) RNA
viruses. This large group of viruses comprises four families (Rhabdoviridae,
Paramyxoviridae, Filoviridae, and Bornaviridae) and includes the lethal
pathogens rabies, Marburg, and Ebola. Although they have a diverse host-
range these viruses share a common genetic arrangement and replication
strategy. Each has a negative-sense RNA genome that is fully encapsidated
by the virus nucleoprotein (N) forming a helical ribonucleoprotein (RNP) core
(5). Gene expression and replication of the virus genome is carried out by an
RNA-dependent RNA polymerase complex comprised of the virus large (L)
protein and the essential phosphoprotein (P) cofactor. Two host proteins,
elongation factor 1 (EF-1) and guanynyltransferase (GT), have been shown to
bind to the polymerase complex (2, 8) but it is unclear whether their
association is linked to function. The L protein (~250 kDa) serves as the
exclusive catalytic protein of the complex and carries out multiple functions
involved in RNA synthesis and transcript modification (5). Functions of the L
protein differ biochemically from analogous cellular reactions making the L
protein a promising target for researchers looking to develop antiviral
therapeutics against these viruses. Protein alignments indicate the NNS L

protein is a modular protein and genetic and biochemical studies suggest



important interactions occur internally within the protein. The L protein
however has proven quite challenging to study for a number of reasons
leaving many unanswered fundamental questions regarding its structure,
function, and dynamics. This dissertation work was initiated with the main
objective of gaining fundamental insight into the global structure of the VSV L

protein and its internal dynamics.

Upon virus entry into the cell, the virion-associated polymerase complex
initiates transcription near the 3’-end of the RNP template as it transiently
separates small stretches of genomic RNA from its protective N protein sheath
to generate monocistronic transcripts of each viral gene. The polymerase L-P
complex binds to the RNP template though direct binding of the P protein with
the N protein. Interestingly, the L-P polymerase complex fails to utilize naked
RNA templates for effective RNA synthesis making it quite distinct from
cellular polymerases. The VSV genome represents the most simple gene
arrangement of the NNS viruses encoding five genes flanked by 47-nt leader
and trailer promoter regions in the order 3’-le-N-P-M-G-L-tr-5’. All NNS viruses
have a similar gene order of these core genes along with additional virus-
specific genes positioned between the core genes. During transcription the
polymerase dissociates from the RNP template at each gene junction
approximately 30% of the time and reinitiates near the genome 3’-end
resulting in a gradient where transcripts of genes proximal to the 3’-end

accumulate in sequentially greater amounts than those of genes positioned



further away from the 3’-end. The multifunctional L protein also adds a &’
guanosine cap to nascent transcripts during their synthesis and catalyzes two
distinct methyltransferase reactions producing the cap 1 (m’GpppNm)
structure (5). Although the virus cap structure is identical to cellular messenger
caps, the catalytic reactions carried out by L are biochemically different from
the analogous cellular processes. See references for a detailed review of the
VSV L protein capping and methyltransferase processes (10, 12, 13) . The L
protein also generates 3’-polyA tails on messengers through reiterative
transcription of a short polyU tract at the end of each gene. As N protein
accumulation increases during cell infection, a shift in the polymerase
synthesis mode occurs inducing the polymerase to initiate exactly at the 3’end
of the genome and read thru all gene junctions resulting in a complement (+)
sense antigenome copy. The nascent antigenome strand is immediately
encapsidated by N protein during its synthesis. The resulting antigenome RNP
serves as a template for the polymerase to generate replicate copies of
genomic (-) sense RNP that are subsequently packaged into newly-assembled
virion particles. While the switch in RNA synthesis correlates with the
accumulation of N protein, the underlying mechanism(s) that induces the
polymerase from a transcription to replication mode is not well understood,
although it has been proposed that a tripartite L-P-N complex may serve as a

replication mode polymerase (9).



The discovery that L has several catalytic functions suggested early on
that it is a modular protein with multiple active sites. Alignments of various
NNS L proteins were in agreement with this notion as six conserved regions
(CRI-VI) were reported (14). It is believed these conserved regions act as
protein domains where the assorted functions of L are carried out. At the start
of this dissertation it was known that a polymerase signature motif lies in CRIII
which has been confirmed to contain the polymerase active site (16-18).
Bioinformatic studies also reported that CRVI shared homology to a class of
RNA 2’-O methyltransferases (1, 4). This prediction has since been confirmed
as CRVI functions as a dual-specificity methyltransferase catalyzing both
methylation reactions of the cap structure (7, 10). More recently, capping
activity has been associated with conserved residues in CRV which functions
as a polyribonucleotidyltransferase, a capping enzyme unique to the NSS
viruses, that transfers the 5’-monophosphorylated end of the nascent
transcript onto a GDP-acceptor (13). While CRV and CRVI are generally
regarded as the capping and methyltransferase domains, respectively, the
conserved regions of L do not fully fit the ambiguous definition of a protein
domain. Even so, as ‘domain’ generally describes a distinct structural,
functional, or binding unit of a protein, it may be used in place of ‘region’ in this
dissertation. Functions of the other conserved regions of L have not been
definitively established. In addition to the conserved regions, three large

blocks of nonconserved sequence, each ~300 aa in length, are also present in



all NNS L proteins. The nonconserved regions are located at each of the
terminal ends of the protein and between CRV and CRVI. The role of these
nonconserved regions is not known but it is possible they also act as domains

harboring functions more specific to individual viruses or virus subgroups.

Analyses of VSV L indicate that some of its functions appear coupled.
For example, transcripts synthesized by VSV mutants and lacking 5’ caps are
prematurely terminated once they reach ~50 nt in length (19). This finding
implies that an interaction between the polymerase domain and capping
domain occurs to prevent synthesis of transcripts lacking the necessary 5’-
cap. Also, studies show specific mutations mapped to the methyltransferase
domain result in significant attenuation of RNA synthesis and in some cases
induce hyperpolyadenlyation of messenger polyA tails (6, 10, 11). Although
these correlations are not understood, these findings collectively show that
changes in the capping and methyltransferase domain sequences influence
activity of the polymerase domain and hence imply domain interactions are
taking place. To date however no experimental evidence confirming the
existence of and/or the functional significance of specific domain-domain

interactions has been reported.

The large modular structure of L with possible multi-domain interactions
suggests its overall structure is dynamic with multiple conformations. It is not
surprising that vigorous attempts at crystallizing the full L protein, as well as

subsections of the protein, have been unsuccessful. Consequently, at the



onset of this study, virtually no structural information was known for any NNS L
protein (note that recently reported electron microscopy studies by others and
discussed in Chapter 2 of this dissertation now provide a low-resolution
structure of VSV L). A study with measles, a member of the morbilliviruses in
the family Paramyxoviridae, provided the only experimentally-based insight
into the structure of an NNS L protein. An alignment of morbillivirus L proteins
identified a short variable region which was subsequently shown to tolerate
insertion of EGFP without abolishing polymerase activity, although a
recombinant measles virus encoding this modified L protein did exhibit
moderate growth attenuation (3). This part of L just upstream of CRVI clearly
showed remarkable flexibility leading the authors to propose that it functioned
as a hinge. Soon after, studies on VSV L determined the nearby CRVI region
was as a dual-specificity methyltransferase (7, 10). Morbilliviruses such as
measles are not favorable systems for in-depth analysis of L functions,
including methyltransferase activity. Thus the basis of the mutant virus growth
attenuation and whether methyltransferase activity was affected by the insert
was not determined. Moreover it remained unclear whether this proposed

hinge was a structural feature unique only to the morbillivirus L protein.

The first part of this dissertation focused on determining if a
homologous region of flexibility (i.e. hinge) exists in the NNS prototype VSV
(Rhabdoviridae) L protein. The significance of this finding would show that a

hinge just upstream the methyltransferase domain is found in L proteins of two



different NNS families, implicating it as an important structural feature
preserved in the evolution of L. Moreover, determining any effect the EGFP
insert has on L functions would be more feasible in VSV L and could provide
new insight into the structure and function of this protein. | show in this study
that a homologous region in the VSV L protein is indeed capable of tolerating
insertion of EGFP thus demonstrating a putative hinge at this position of L is
preserved across NNS families. | further show the EGFP insert does not have
an effect on the nearby methyltransferase domain but instead causes a
temperature-sensitive (ts) effect on RNA synthesis with robust polymerase
activity at 33°C but a drastic reduction of activity at 37°C. The basis for the
polymerase ts phenotype was not immediately clear but observations in these
studies led me to favor a hypothesis proposing that at nonpermissive
temperature movement of the hinge is restricted by EGFP thus disrupting
domain-domain interaction(s) important for RNA synthesis. The lack of a
fundamental understanding of domain interactions in L however only permitted

this hypothesis to be supported by speculation at that time.

To establish a framework of knowledge that could support this
hypothesis, the second half of this dissertation aimed to gain a basic
understanding into putative interactions that involved domains positioned near
the hinge. The primary objective was to determine which of these domains
function autonomously and which function in a manner consistent with an

interactive domain. Exploring the behavior of the domains relied on utilizing an



approach that was feasible within the constraints of L. Methods used to search
for domain-domain interactions are generally the same techniques used in
identifying protein-protein interactions. These include yeast or mammalian
hybrid systems, co-immunoprecipitation, crosslinking, fluorescent resonance
energy transfer (FRET), and bimolecular fluorescence complementation
(BIiFC). These approaches however provide a low probability of success or
feasibility with regard to the intricacies of the L protein. Generally, these
approaches require individual domains be stably expressed in their native
state, fused or tagged with other peptides, and have a relatively high-affinity
for their binding cognate. While there have been recent advances in stable
expression of large fragments of L, expression of smaller fragments
representing individual domains of L figures to be more technically challenging
in the absence of a high-resolution structure. Moreover, L fragments fail to
bind or bind poorly with the essential P cofactor (15). It is very possible domain
interactions in L could be facilitated by P as recent EM analysis indicates P is
involved not only with repositioning certain domains but in restructuring the
shape of the domains themselves (15). Any involvement of P makes it virtually
impossible to recreate the native conformations of the L-P complex if studying
separately expressed L fragments fused to other proteins (e.g. two-hybrid
systems). Moreover, a dynamic L protein with multiple conformations makes it
virtually impossible to distinguish between orchestrated function-driven co-

localization of domains versus domain co-localization that occurs by chance



amid the fluidity of the protein structure (e.g. crosslinking, FRET, and
fluorescence techniques). Most important however, the likelihood of a dynamic
L protein suggests its internal interactions occur transiently with low-level
affinities that may fall under the detection limit of these techniques. Therefore,
| felt it necessary to devise an approach compatible with L and its P cofactor

that could provide data telling of domain autonomy or interactivity.

Many protein domains function independently from the rest of the
attached protein and often can be swapped into or fused with other multi-
domain proteins with no effects on the swapped domain or recipient protein. |
reasoned that swapping domains of L with homologous counterparts from
related L proteins could provide insights into which domains, if any, function
autonomously. This approach is feasible in that it allows study of fully intact L
proteins in their native state. Furthermore, in conjunction with established
minigenome assays this approach is capable of assessing a functional output
of L in response to any change brought about by the heterotypic domain,
whether by an effect on domain interactions or by other effects on L. |
therefore made VSV-serotype exchanges of four distinct domains near the
hinge, either alone or in combinations, and assed these chimeric-L proteins for
polymerase activity. | show here that L polymerase activity requires these
domains (except the methyltransferase) be of the same serotype as the rest of
the protein for L to be functional, indicating these domains are not

autonomous from polymerase activity. | also provide experimental evidence of
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an essential interaction between the methyltransferase domain and a C-
terminal domain of unknown function. Restoration of this interaction by co-
exchange of these two domains (homotypic to each other but heterotypic to
the rest of the protein) allowed a partial recovery of RNA synthesis with a
substantially greater rescue of replication activity over transcription activity.
This is to my knowledge the first tangible evidence of a specific domain-
domain interaction reported in the NNS L protein. As these two interacting
domains are located downstream of the hinge region, their effect on RNA
synthesis strongly implies they also interact with the remotely upstream
polymerase domain and/or other components of the polymerase complex.
These findings provide the foundations for a model of structural fluidity and

orchestrated domain-domain interactions in the VSV L protein.
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The ENA-dependent RNA polymerase of virnses belonging to the order Mononegavirales is part of a large

‘binant viruses with this insertion grow well in cell cultore buot are highly attennated i animal hosts. We show
bere that the L protein of vesicular stomatits vires (VEV), the prototype of the Rhabdoviridos family, also
tolerates msertion of EGET at a similar site. The modified protein (Lyce) and the resnltant recombinant virms
both demonsirated a sharp temperature-sensitive phenotype for polymerase activity, with reduoced activity at
A7T°C and mo activity at 37.5°C. Neither translation nor methylation of matant vires transcripts was affected at
37°C. Curiously, mmtant viras grown at permissive temperafure contained abowt threefold-less L protein than
ﬁ-qumm-dm-mmmmnmmmw
fhe notion that a flexible “kinge™ region separates the cap methylase domain of L proteins from
mmmq-mﬂmmmﬁﬁwmummmmm
system

Virnses whose genomes consist of nonsegmented nega-
tive-sense FNA are prouped together as four families within
the order Miononegaviraies (MMV) ad inchude many impor-
tant human disease agents, such as rabies wvirus, measles
Ebola wirns. The EMNA-dependent EMA polymense en-
codied by these vinases lies within a larger protein (L) that is
also respemsible for addidon of cap stroctuoes to wiral
mPNAs and their modification by methylation. How  this
larpe omltifunctional protein orchestrates its various activ-
ities during rapscription and replication of the viral genome
is largely unknown. Vesicular siomatitis wims (WSV), the
prototype of the Rhabdoviridee family, is a livestock patho-
gen in the Americas and has long served as a research model
for MMV wirases (19). The V5V genome encodes five es-
sential genes in the order 3-N-P-M-G-L-5" and exemplifies
the simplest coding amangement within MWW viroses. This
report sheds light on V5V L-protein stochre and funchion
by demonstrating that a region immediately upstream of the
domain inwvelved in methylating vial mEWA caps tolerates
insertion of ephanced green fluorescemt protem (EGFF).

Six blocks of conserved sequences are shared among MW
wimis L proteins (25), and these presumably reflect different

* Comresponding awthor. Mailing address: qu'hnm.tuiﬂlolng
HLE 401, San Diego State University, 3500 Campaxile Drive, San
Dtigo, CA 92182, Phosa: (619) ¥94-5130. Fax: (§19) 594-3676. E-mail:

sunsiroke. sdvm edn.

" Publizhed ahoad of print on. 30 Septembar 200%.

finctions. A polymerase signature motif lies in conserved re-
pion IIT, and mutagenesis smdies have confirmed its essential
role for viral polymeraze actiwity (31, 34, 35). Recent studies
sugpest that conserved block WV plays an essenfial role in
capping of viral mEMAs (17, 23). Block VI, however, is the
best-characterized region It encodes the wiral mBNA cap
methylase (MTase), first recognized through segquence homol-
ogy to other BNA methylases (2, 10). This has since been
confirmed by mutagenesis stodies of domain VI modifs pre-
dicted to be required for methylase activity for both VSV L
protein (13, 18) and the Sendai paranrywovims L protein (22).
The methylase domain is so far the only L-protein region with
discernible homology to proteins from other crgpanisms and for
which we can be fairly confident of its boundaries. The fumc-
tions of conserved regions L IT, and IV remam uncertin. The
active form of the L protein requires association with the P
protein, and the binding site for P protein has been mapped to
the first 350 to 380 M-terminal residues of L, at least in the
case of paramywovimeses (4, 14). An oligomerization site for
paramyxovires L proteins has also been mapped to this N-
termimal region (), altheugh the significance of L olipomer-
ization has recently been disputed (7).

Capping and polyademylation of viral transcripts ecour co-
transcriptionally (37), which supgests that the separate catalytic
activities of the L protein work in concert, conceivably imvolv-
ing dynamir changes in conformation to allew translocation of
the prowing FNA chain from cne protein demain i anether.
Replication of the viral genome involes a process very differ-
ent from tanscription and is coupled to assembly of the W
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protein to Frowing nascent chains initiated at the very 3° end of
the template. Only encapsidated genomes mnd antizenomes
can serve as template for the viral polymerase. What canses the
L protein to chanpe from a transcriptive mode to a replicative
mode of synthesis and ignore pene junctions is still unclear.
The stoichiometry of the LP complex remains uncertain.
Some smadies sugpest that the tAnsoip@se enzyme is associ-
ated with the alpha subumit of host cell franslytion elongation
factor 1 (EF-1) while the replicase consists of an LP/N com-
plex (29). Regardless of polymerase composition. the switch o
replication can take place only after primary tramscription of
input virion templates and synthesis of wiml proteins, since N
protein is reguired for assembly of functional emcapsidated
templates. Perhaps not swprsingly, L proteins, or amy part
thereof, have so far resisted attempts at crysallization and‘or
structure  determination.

Given its complexity, it is surprising that the L proteins of
(CDW), all of which are members of the Morbillivires penus
within the Paramyxoviridae family, retain fimction follewing
in-frame msertion of the entire EGFP protein at a specific site
within its polypeptide sequence (1. 9. 33). The insertion site
was chosen on the basis of L-protein sequence comparisons of
this very closely related group of winses, which revealed two
small nonconserved regions, Hl and H2, separating three
mmch larger conserved stretches (20). The H2 repion proved to
be tolerant to EGFP insertion. Motably, the recombinant vi-
ruses encoding the modified L protem were reported to grow
nearly as well as wild-type (wt) wirus in cell coltore, while BFV
and COW recombinants showed soong prowth atferuation in
infected animals (1, 33). These findings led Brown et al. and
Silin et al. (1. 33) to suggest that modifying merbillivires L
protems by mserntions in the H2 “hinpe™ repion offers a novel
mational approach for vaccme dewelopment Moreower, the
EGFP-modified L proteins provide a means of racking the
wins polymerase in infected cells.

Unbekpownst at the time of the merbilliviros reparts, the
EGFP insertion site tums out fo be immediately upstream
of the MTase (domain VI). It remain: unclear from these
of the viral methylase or other L-protein activities and
whether this might explain the attemuating effect on vinus
prowth. We mitiated the present smdy to determine whether
the L protein of a vims belonging o a different family within
MKWV, namely, V5V, would also tolerate EGFP inserfion
upstream of the MTase domain. We show that this is indeed
the case, but the resulting recombinamt wims displays un-
usual properties, inchuding a remarkable temperanme-sen-
sitive growth profile, a defect m L-protein packaging. and a
surprising lack of virion-associated polymerase activity in
vitro.

MATERLALS AND METHODS

Cell cultwmre and viruses, AN siufics wese conducied using buby hamsier
Midney eelli (BHE-11) grown &5 in minimal J rmediun
(MEM) comsinisg T sewhors calll serum. The wild-type rocombingnl vins
usead i ek pepen (VEWw1-EGFP) was deseribed previously (25). This vires wis
derived from (he origingl reoombia wi virus deseribed by Liwion & o (16)
M oand G peses The growth propestics of VEVwI-EGFF in BHE eells sre

I Vimew

idetical e those of wi vino, The rcombingl VEV Loy wid alie dcrived
Plaimid conddructioss. To ciable insemion of the EGFP coxding scquence in
it L gene, we firs engincered & usique BaeET] site upassin of the metlnybiee
domsin. The PWEWFL(=) plasmid encoding (he entire VEV gemome (16) wis
e with BamHI and self-ligeed 1 genersie & pliamid encoding the C-
iermingl 97] sming widk of e L jeoicia. This plasmid then scrved o e
templaee W istroduce the Bl e by site-direcisd mulsgencais (QuikChange
PCR. Birstagens) wing & plu-sense [wimer, S-0CTAAGGATAATAATAARS
RECATEAGCTATOOOCCTTG (BaEll s undslined wmd misaed sucks-
tides in ypel, snd iy com The MgoMIV/Rall fragment ton-
uu;um:uﬁu.ﬂuuﬂuuwwuu
mm}ﬂwfw&mlwuw-ﬂnu
previons sudics () by alding & Il-asso-esaddong squence tha encades &
Nemidine (M) mg followsd by @ hemagghatinin (HA) 1ag (EHEVYPYDVE
DA} immediusly following e L-gens an codin. pOEM-L{HiSHA) shawsd
et e sactivity &8 pOEM-LEL in minigmoms ey (ol shown),
T conitruet pEEM-Liow, the BOFP coding sequence was mitislly smplifisd
by PO Froms the pRI-EGFP plismid (Closech) usisg 4 suligesic prme 1o
chaige e @an odon 1o an Meol e (F-TATTTTATaaggTOAGTAAGT-
) and a priser 05 bioes dewsstreim of (he flep coden (FCTGCATTCTAG
TTOTGOTTTOTC-3) The Mool Azel-aa PCR wad e Sonsd Elo
the comesponding sites of the GTMI plismid (21}, The pTMI-EGFP plasmid
wid then cmploved &5 3 lcmphie 1 @ & PCR frige the
EGFF open reading Erasse, mines the mop coden, and immedincly Nuked by
BEll pestriction giles wing primesy S-OTTGCTAAGOATAATAATTTggm
ﬂm and ?—ATTAAATWT‘TDTAEAG’.‘
pﬂﬂﬂ.m

TCETCF (1 indicle the BAET sile ind
The BaEll-cut PCR
o e e s e mu,.ﬂapﬁm

T gencrie the PVEV-Laoey plasmid for recovery of infextious viem, we firg
removed the NgaTV aite in il plicmid backbone of pPVEVFL{+) 1o gencrae
PVEVFLA(+) The MgoMTV/ESD fragmes Gom  pOEM-Lu contsisieg
e EGFF imcnl wi then used 1o replice the cormesponding Gragmest in
PYSVFLE(+) Expected soquence changes in the Gasl conructs wese verifisd
by sequencing (Gan Disgs Stue University Microchemical Coee Faeility)

Mlinipesons: axkays. BHE =l g 10 4R cond) i S-com plales were
first fisetesd with ihse vinccings T recom bisass vire, vTFT.3 (11}, 0 4 sabiglic-
ity of infection (MIOT) of 10 s the preesce of 40 pgim] cytodine ashinoside
f.umu“umlmmmumuwu&.
(16} in L.e.uyaams Mg of gilleer pOEM-L{HIWHA), pEEM-L muwavn O
POEM L, 60 varbcus ssmissnis of GEEMP. Afler &5 min of vir lscep-
lionn I ooie lemp the i was replaced with 4 0 5-ml velume of

aliction iy g the sheve plinmids and cells were incubated for 30
ﬂmumuumummmlumlmc
Fellowitg 4 b of icubation & 37°C o 33°C, 60 gl of 4 el lysle contidning &
peevicusly Sciermined opisal smowl of misigesome panicles cacading the
M ind (G genes (25) was sddal o (he Esnaletion miz and ncabsied for s
additions] 45 min before the sddition of T ml of fresh MEM contsising 40
Mgl Ara C sed contimed incubation &t 37°C of 30°C watil 20 b postirans-
Muwcwmmmmnwwm

desae o lefl d w snalyee Ror the pressmce ol vimus
respectively, ollowed by RMA exirac-
uuunmuuuu,umu;muﬂ;muﬂ[n.wn
gaive-ienie and posilive-senie M-pese se-
Fﬂﬂutﬂi‘hﬂuﬂtcm}.h&um were quastified using &
Rlorr jibsenpil
lu—u,umm&_.hamcmmmmm

vaceinis-T7 wires il & d above for minig s fal-
Terwed] lry erimsfction with suppon plismids pES-N (4 pg), pBS-F (10 pg), md
m(ﬁu}(lﬂmlmuuqu._,mmu-cm
MifeaT) was sebdid thrug fectiin b limil praducti

infections vaccinss T7 vinm A1 4E b detion, il wars
Mﬂmﬂhﬂﬁ#u‘ﬂlﬂmWMmM
BHE menuliyers fallowed by incubution a 465°C. 5 I vinss v i

jutged by eytopiiie effiet (CPE) andd green Miocesscencs was evident by 24 b
il eonfmed by plagee sasy o0 BHK cclb Muan vins. prodeed Haesd
plaques with indistine maegie o 337C nd dowed no pligess @ 37°C. Clesr
pligues, howewe, were obisined by (it incubsing the plaes ot 13°C fr 241
sl then changing he i P 0 3T e an additiond 20 b

Highiter working stode of VSVl vins (35 x 107 PFLVml) were
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FIG. 1. Minigenoms 2= g wiral EMA 5

ryotbesis of mmstant Levep protein to the Ley protein. (A) Conserved domains of the VS

Y ©
L protein and the site of EGFP insertion_ | Dlomain positions are indscated in parenthases as reparted by Pochoat al. (28), except for domin VI
winch is showm s reported by Buajeick: and Rychiewsld (7). 22, amino acids. (B to E) Mimg ioe (B and replication
{C]mlnunmdIt!'."C||I.fnnl:hc-uf-pu]:thlmihmmmmmmdltﬂfm!?'c“gqmmui
P plasmid {250 zg) in panals D (tremscription) and E (mplication). Reltive amosnts, amounts compamed to that of Ly set at 100%:, are shouwn

'bnhwﬂmhm[}mmm{ﬂm p]nl.mln {F:l Accumulaticn of HA-tzgeed wt and mutant L proteizm = the

msays. M tramscript and g ac
blostng, all at 18 b postransfoction.

in BHK cclli @ 33°C.
Growith curve and infacied-coll viem RNA ssalysed. All growth cofves were
earricd 0wl ming BHE coll mamlayers geown in saled 2%cm’ Soue collre
M. Identiesl wais af Mol seaded in puaralie] were e lof each Sme poisd aad
cach s perahre. Vies sdorpion wis carnicd oul for 45 min o oo 1o per-
e (MO ol 10) before the wlftion of 4 ml of MEM prewarmed e e
iralicafed b pradure Tallineed Ing 44l mnﬂmumﬁm;&
The Migks weie then caded wmd & d i & careal
u*ﬂnumammm“mmmﬁm
accurale 10 203°C. Oae Musk from cich empersiee 3 wis removed @ cach
uupumuﬂ-nmmh}mﬁw(mx; % min) snd
y Trcen fior adue aon ol e witus Eoers by
laque akkny o quissision of rdeeed viem partiches. Cywoplissic cxsets
were then prepassd from attache) coll momslayers, combing) with celli reeov-
vl Frus the medisin by ieatrifugation (late time points idy) aied slysead fix
virmi RMA profeces &t deicribed shove for minig sy, ensept for wming
lmeFﬂanf@uumm;m
trigvacription analyees wene cieried ouf al n MOT of 50 sl with alditios of 100
mlqdﬂunﬁuumhnmmnuumm-&:ﬁuu
e Rking i Tafecied-cell RMAS wess fe-
qumwm Bie: | il prched fx M

s & for minig aneni B d article g wese
by Mortherm hloting a3 descsibad previoudy (24].
Western blttisg. bilots were Sng bo standand sodiam

dndesy] aullie-palyacry limide gel desrphorsis (SD5-PAGE) procadures w-
it 1M pulyacry liemide geb nd tnasfer o poelyviylidens difonide mes-
brancs (GE Heslihesrs). Membrins: were blocked with 150 bovins serum dl-
bumin Ass-HA snd VEV ani-0 mosoclonsl anbofics (Sigme) wees used o &
ltion o 1:10,000, while ans-EGFF wntibedy (Roche) was wed o a Sation of
11,000, VEV ansi-L assbody prepared sgains pel-parifisd peosin wis & gl
from Domld Ssmmers ind wis used st & dilution of 111,000 Hemeradish

permidine-conjugsind sali-mowse rabbil ad sonti-ralibi gost scoadary mntibed-

miniganome
i by Morthern blotting, and viral protein accummliation was assayed by Westarn

ies (Fackaon TmmmoRescach Labororied) were uied & & Slation of 1:10,000
Heulthizare), i blats were quemlificd weng the Starm phinghirimags [Ma-
letular Diyecssi].

Virus purification ssd in vitrs transeriptisn, Linge smeunts ol VEVwi-EGFF
] VEW- Ly virmed were growa in BHE celli using 2375-cm” Mesks sad
purifizd wing sucroes e Gtz gralisls o deusibed befes [26) Slandand
i vilre Waiseriplion neactions, produect purilestion, sd adyvis on ghosl gels
mmﬂmummmwmrnqluﬁp—“w
o feaction mixlere, I the gl ducti by mylon mem-
mﬂwﬁ.ﬂﬂkuﬂww hpnpuuu.m
e paction el were quintified usag & posilivescie L dboprobe &5
deseribed above R virs-infzos) replication profucs.

Flunrescencs micricapy. Vins-nfiscied cells in S-com dishes or 25-cm° Naks
were cnamined in plasc-contrel sad Neorcscence mode wing o Olyspus
el 70 invenlad livue cllure micreope.

RESULTS

In-frame insertion of EGFF within the VEV L protein. Prior
studies established that insertion of EGFP in the varahle 23-
residue-long H2 hinge region of morbillivines L proteins has
minimal effects on recombinant vims growth m cell cultre (1,
0, 33). The V5V L protein, however, displays no obwieus H2-
like variable region. To enpineer a similar insertion, we relied
instead on the distance of the merbillivines insert relative to
the first lysine in the E-D-E-E catalytic tetrad of the down-
stream wiral ENA methylase domain (2, 10). We thos nserted
the EGFP domain 55 residues upstream of E1651 i the VEV
L protein (Fig. 1A), compared to 56 residues upstream of
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E1766 in morbillivimses. To do so, we first introdoced a
ique BsEI restriction site that resulted in substitotion of
D1585 with valine and threonine residumes (Ly;sga)- The
EGFP coding sequence was then amplified by PCE. along with
flanking BstEIl restriction sites, and inserted into Ly aper-
The methiomine start codon of the EGFP reading frame im-
mediately followed T1596 of the Loy seryvr constmct, while the
predicted size of the Lege profein is tms 241 amino acids
larger than the wild-type L protein (L) (2,350 compared to
2,109 amino acids).

The L, protein i functional bot temperature sensitive in
minigenome assays. We first determmed whether the insertion
affected VIV polymerase activity using the well-established
waCCrinia-T7 expression virus sysiem to drive wanscription and
replication of a vims minizenome template that encodes VSV
M and G genes flanked by genome leader and mailer se-
quences. For this purpose, we used L expression plasmids
encoding HisHA tageed wt and mutant L proteins. Our pre-
wious studies showed that the presence of the HisHA tag at the
N terminns of L, has oo significant effect on VSV polymer-
ase activites expressed i the vaccimia-T7 vims system (ot
shown). Plasmids encoding the V5V N, P, md His'HA-mgged
Wi or mu@ant L profeins were cotransfected mio vaccmia-T7
winus-infected BHE cells and infected 4 b later with VEV mini-
penome wims particles (see Materials and Methods). ENA
products were analyzed by Northem blotting 12 h postimans-
fection using “P-labeled negative- and positive-sense M-gene
probes to detect mimigenome franscription and replication
products, respectively. At the temperature nomally used for
these aszays (37°C), Ly mmtant protein showed only trace
activity compared 10 Ler for transcription (Fig. 1B, lanes zto
iwersus lanes a to ) as well as replication (Fig. 1C, lanes d to
fvem:slamsamc} Ped:acmtymﬂmeassaysum:ally

ments showed that overall activity decreased at lower P plas-
midlevels and optimal activity was reproducibly cbinedusing
250 ng of input P plasmid and 3 pg of L plasmid (data not
shown). Less than optimal amowmnts of these plasmids or mimi-
genome particles displayed no differential effect on transcrip-
‘tion versas replication (e.g., Fig. lBaniE}.IlneamgPplasF
mid amounts did ot compensate for the poor trADsoiption
mﬂrq;lmmnmnynfﬂmmemm{ﬁg ]Band(.l
suggesting no change in affimity for P. The L,y Protein, on
was fior transcription (Fig. 1B, lanes d to £) as well as replica-
ton (not shown) The latter result indicates that a mimor
chanpe in amino acid sequence at the EGFP insertion site does
were carned out with this mrtant protein.

Several repetitions of the abowe experiments revealed that
while Ly activity was severely compromised, it nonetheless
fimctioned at a low but varable level. We specnlated that
Ly might not fold comectly or fimction optimally at 37°C
‘bt perhaps show more actvity at lower temperatore. Indeed,
incubation at 33°C dramatically increased Ly, BMA synthe-
sis compared to incubation at 37°C (Fiz 1D and E, lane ¢
wersus lane d). In the experiment shown, Ly Transcription

I Vimew

activity was 50-fold higher at the lower temperatore and
reached a level nearty twofold higher than L., at the same
temperature (Fig 1D, lane b wersus lane d). Lacsy replication
activity was likewise nmoch higher at 33°C and also reached a
lewel comparable to the level of L, at the same temperatorne
lower at 33°C than at 37°C in this experiment, but the relative
activity at the two temperatmes vared as much as fivefold in
other experiments. Feplication activity appears to be particu-
larly sensitive to small flucmations in temperamre umavoidable
mmmmmmﬂﬂﬁeaﬂlmlﬂphs@sﬁmﬂm
vine infection, transfection, minipencme particle infection).
Most importantly, howewer, ﬂlenmmpu.unauilwhcaum
activities of mutant I were abways ;::4% those of L, at 37°C
and nmtant transcription was consistently about twofold higher
than wi transcription at 33°C in all individoal experiments.

We have previously shown that V5V L protein is unstable
withahalf-life of 3 to § hinthe vaccinia-T7 vims systemunless
coexpressed with the P pmotein (). We therefore tested
whether enhanced Leor degradation might be responsible for
its lack of activity at 37°C. Western blot amalysis of L-protein
accmmulation in the minigenome assays (N-terminal HA @g)
showed about two- to threefold-less Laney than Ler i no
effect of temperatre (Fig. 1F, lanes ¢ and d versus lanes a and
b). The levels of Lyjsweyr profein. on the other hand. were
similar to those of L, (not shown). These results were ob-
tained reproducibly in several different experiments all of
which showed no evidence of Ly -specific degradation prod-
ucts. We thus exclude degradation of Ly Protein as the
cause for failed BWA synthesis at 37°C. Interestingly, although
Lagey accumulated to levels lower than those of Ler, it syo-
thesized comparable or preater amounts of vial EWNA than
L, at 33°C. Conceivably, L-protein lewels reach samration in
this assay or, altermatively, Ly displays a higher specific
activity than Ly, especially with regard to transcription. Fe-
pardless, it is clear from these results that L., demonstrates
2 temperatore-sensitive phenotype. The temperahme defect
clearly applies to replication, which is independent of mini-
EEnome fanscript accunmilation in this assay. Howewer, a
block in minigenome replication is alse expectsd to block
trAnscription. smce transcription is proportonal to the num-
ber of available minizenome templates. The results de-
scribed below, however, soongly support the noton  that
Loy is temperature sensitive for both tanscripion and
replication.

Becombinant V5V-Lypp vires growth in BHE cells is tem-
perature sensitive. We next attempted fo recover a recombi-
nant virus encoding Lagry protein as reported previously for
marbillivimses. We succeeded in doing s0 using standard
methodology. The recombinant virus, demoted VSV-Laar,
was plagque purified twice serially and amplified o a working
stock at 33°C (see Materals and Methods). VEV-L.
plaques on BHE cells displayed a bhured appearance with
indistinct margins when mcoobated at 33°C but showed no
readily wvisible plaques at 37°C. The mutant virus, however,
penerated clear plaques by first incobating the plates at 33°C
for 24 h and then mcubating them at 37°C for an additional
20 h. We therefore nsed this latter procedure for determining
the titers of both ooutant and wit wins yields in all subsegoent
amalyses. The wt wims employed for these analyzes, ViVwi-
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EGFP, is identical to the W5V-Laoy parent vinus, except for
an additienal transcription unit encoding EGFP between the
M and G penes. The prowth properties of VSVwit-EGFP are
identical to those of WSVwt as reported in our previous smdies
(25). Note that the L protein encoded by both VEVwt-EGFP
and V5V-Lisey lack the His'HA tag present in the expression
constmcts employed in our minipenome assays. Howewver, as
poted above, the tagged form of wild-type L protein showed
the same activity as untagged L in the vaccinia-T7 virus system.

We carried out a single-cycle growth analysis of VEV-Lpo,
versis VEVwi-EGFP in BHE cells (MOT of 10) at 33°C versus
37°C (Fig 1A). The mutant prew at nearly the same rate as wt
vims at 33°C, but maximom yields obtained at 12 to 16 b pi.
were three- to fourfold lower than those for the wt virus. As
expected, the wi wims grew at essentially the same rate at both
37°C and 33°C and generated equivalent fiters at 16 h postin-
fection (pi). In stark contrast, V5V-Line grew more slowly
than VEVwi-EGFP did at 37°C, and the yields of the mutant
wvirs were 2 Log units lower at 16 b pi. The apparent leveling off
of mutant virus titers 12 b pi. at 37°C was not observed in an
mdependent experiment and is likely due to sampling emor.
These results tms clearly establish that WSWV-Ly, growth is
temperature sensitive. as one might expect from the tempera-

different experiments that VSV-L,, virs
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titers appeared to decline more than wt vims titers with pro-
longed incubation of infected-cell bysates, especially at 37°C.
The data in Fig. 2B show that VEV-Lear infectivity is sub-
stamtially more temperature labile than V5 Vwt-EGFP at 37°C.
Incubation of misant vims-infected cell hysates for 24 hat 37°C
resalted in a loss of infectivity of € log wmits compared to a
loss of 4.5 log mmits for wt vims. VSV-Lagsr also appeared
slizhtly more temperature labile than the wivims at 33°C (Fig.
14) These results suggest that Lyney protein activity is some-
what less stable than L,

Virms polymerase profein displays antofluorescence im VEV-
Lycsy-infected cells. Earlier findings with morbilliviroses
showed that inserting EGFP into the L protein enabled local-
ization of the winis polymerase protein i infected cells (1, 8,
33). This also proved to be the case for VEV-Lygp-infected
BHE celk (Fig. 3). At 33°C, cells infected with mutant vims
displayed progressive rounding of cells with accompanying flu-
orescence reaching a maximum at 12 to 16 h p.i The sigmal
appeared restricted to the cytoplasm, the expected location of
the Lpgre protein. Much less flucrescence was ewvidemt for
VEV-L pp-infected cells at 37°C, especially at 8 h pi, in
keeping with its temperamre-sensitive phenotype. In contrast,
VEVwit-EGFP-infected cells showed essentially equivalent fiu-
uus.wxeallmhlanpumnﬂ and the siznal in this case was

evident thronghout the cell as expected from passive diffusien
of the small EGFP protein (27 kDa) through the nuclear pore.
‘The stronger flnorescence signal observed for VEVwi-EGFP-
infected cells presumably reflects, at least in part, the relative
dbndance of EGFP mPNA compared to the more promoter-
distal Leors mEMNA.

Crmigusly, some VEV-Lo, - infected cells displayed an un-
usual type of cell-to-cell fosion at 12 and 16 h p.i. consisting of
large syncytia with many closely packed maclei surrounded by a
halo of adherent and weakly fluorescent cytoplasm (Fig. 3,
inserts). The majority of mutant virus-infected cells, howewver,
showed rounded cell CPE wvery similar to V5Vwit-EGFP-in-
fected cells, except for the absence of fluorescence in mackei.
Some adberent cytoplasm also appearsd to be present in wt
wins-infected cell monolayers, but none showed the character-
istically large stroctures observed in mutant virns-infected
cells. The basis for the chanpe m omtant vims-induced cell
fusion characteristcs is unknown. Clearly, more-detailed shad-
ies using higher-resolution microscopy will be Decessary fo
better define changes in CPE as well as mafficking of the
mtant wirns polymerase in mfected cells.

VSV-Lycw i5 genefically stable. The mutant vins stock
used in the above stodies was derived following two sequen-
tial plague isolations (plaque to plague) on BHE cells be-
fore amplification at 33°C. Three additional wims stocks
amplified from mdependent plaques criginating from the
initial mutant vius recovery also displayed the same phe-
notype, ie. temperature sensitivity and EGFP fluorescence
in infected cells as described above. To more rigoTously fest
the geoetic stability of V5V-Lyge, we camied out four
serial low-MOI passages of the mutant virus at the nonper-
mizssive temperature of 37°C. The fourth passage yielded
almost no vires (440 PFU/mL) jn contrast to paralle]l pas-
sape at 33°C, which yielded 40 PFU/ml The mutant virus
passaged under nonpermissive conditons showed no change
in phenotype compared to the phenotype of the original
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VSVwit-EGFP (33°C)

& hp.i.
FIG. 3. Fluorescence and
(MOI of 10). Idantical sots of sealed tissue culture flasks were incub

18 h p.i. X
microscopic images afBHK cells infocted with VSVm-EGl'P varus VSV-Logep at 33°C and 37°C

12hp.i.

d at exch

T

VSV-Learr (33°C)

V8V-Learp (37°C)

8hpi.  12hp.i

water baths. A sunglo

Mnsnadﬁxobmmnuchmpm?hmwnfu-ﬁcﬂuﬂxwﬂ)ulGhmstI'lumuns Enlarged

images (salarged 2) coarasting

mutant stock. We therefore conclude that VSV-Lyom is
genetically stable even when repeatedly subjected to non-
permissive growth conditions. Previous studies with the
analogous morbillivirus recombinant viruses also indicate
penetic stability both in cell culture and in infected animals
1.9, 33).

VSV-L,,, RNA synthesisis delayed but not abolished at
J‘PC Gavmﬂnepmpemesofmeml..mpmtunm

temperature sensitivity 5

Infected-cell samples from the growth curve experiment in Fig.
2A were analyzed for M transcript and genome RNA accumu-
lation by Northern blotting (Fig. 4). The accunmlation of mu-
tant M transcript at 37°C was clearly delayed compared to the
accumulation of wt M transcript, but, swprisingly, mutant M
ipts reached the same level as that for wt transcript at

16 p.i. In contrast, mutant M transcript accunmiation at 33°C
was not delayed compared to wt M transcript accumulation
and even showed somewhat more rapid kinetics (Fig 4A).
Replication products behaved a bit differently (Fig. 4B). Mu-
tant genome RNA accummlation was about half that of wt
genome RNA accumulation at 33°C with similar kinetics but
was severely reduced at 37°C except again at 16 h p.i. where it
reached @25% of wt level. Similar results were obtamed in
several additional experiments, one of which included the same
broad range of time ponts, while others including sampling at
either one or two time points. The unexpected recovery of
mutant viral wanscription and partial recovery of replication at
late times p.i was reproducibly observed. We therefore con-

CPE differsnces betwoen VSVwt-EGFP and VSV-Lyge imfoctions are also

shown as inserts.

clude that the mutant viral polymerase can still function in
infected cells at 37°C but with delayed kinetics.

Viral protein synthesis in VSV-Lygyp-infected cells is pro-
portional to tramscript accumulation. Since inserting EGFP
upstream of the viral L-protein methylase domamn might ad-
versely affect cap methylation and thus translation of wiral
mRNA transcripts, we also examined viral protein accumula-
tion in the infected-cell samples analyzed above for viral RNA.
Western blots of VSV G protein showed little difference in
accumulation for wt virus-infected cells at 33°C versus 37°C, as
expected (Fig. 4C, lower panel). For mutant virus samples,
G-protein accumulation at 33°C was similar to that for the wt
wvirus samples but was clearly delayed at 37°C. This delay cor-
related well with that seen for M transcript accumulation in the
same infected-cell samples (Fig 4A). The accumulation of L
protein showed the same pattern as for G protein for all sam-
ples (Fiz. 4C, top panel), except for the presence of a second
lower-molecular-mass band (@180 kDa) for the mutant Loy
protein. This second band was absent in other expeniments,
including minigenome assays (Fig. 1F), and presumably origi-
nated from enhanced susceptibility of Loy protein to cleav-
age during lysis of samples. Interestingly, the lower L.,
band was absent when the same blot was probed with anti-
EGFP (Fig. 4C, middle panel), but a faint EGFP-reactive band
of §€0 kDa was detectable (not shown), suggesting that cleav-
age takes place close to the EGFP msertion site. These results
strongly suggest that viral protein translation, and by inference
methylation of viral mRNA caps, is not affected by EGFP
insertion in the polymerase protein at 37°C. However, thess
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FIG. 4. Eingtics of virns ENA and protein accumulation in VEVa+-EGFP- warsus VEV-Ly-infected BHE cells (MO of 10) at 33°C and
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from the samples nsed for the growth carve shown i Fig. 24 Esleased paticls data were derived from an mdependent growth carve axperiment.

Eaol amounts, relathve amousts.

data do mot rule out the possibility that the EGFP insertion
does in fact compromise viral methylase activity and that a host
cell enzyme compensates for this defect. The results of addi-
tional experiments not shown here argue strongly azamst this
possibility (see Discussion).

Infectivity of VEV-Lygre particles is comparable to wi virns.
The above findings showed that infections yields of VEV-
Ly at 37°C were 2 log wnits lower than wt vimes at 16hpi.,
bt infracellular viral protein acoummlation at this tme was
monetheless comparable to that of wi vines, and virs genome
acoummulation was only fourfold lower. This discrepancy sug-
gests either a block in assembly or release of nmtant vims
particles at 37°C and'or release of noninfectious particles. We
cles from a growth oorve experiment similar to that shown n
Fig. 2A_ Northern blot anabysis of released vims particle BMA
demonsirated a very good cormelation with PFU titers for both
meant and wt vimses at either 33°C or 37°C (Fig. 4D Very
few nnatant vims particles were released at 37°C, in agreement
with a 2-log-unit decrease in released vims infectivity. These
results indicate no change in the particle-to-PFU ratio for the
mmEant vines compared towivines. We therefore conchode that
the block in infections wins producton for the mutant vims at

nOnpermizsive temperafure reflects, at least in part, a block in
wirs panticle assembly and'or budding.

VEV-Lygrr growih and RN A synthesis display a very sharp
temperature sensitivity profile. The above findings suggested
that the WVSWV-Laor protein still fimctioned i mutant wiros-
infected cells at 37°C, albeit in a delayed or less-efficient mode.
To shed light on what might canse the femperabore-sensitive
defect, we examined the effects of different temperatures oo
mmutant virs infectious yields at 18 b pi (Fig. 3A). VEVwi-
EGFP ftiters remained essemtially the same from 31°C fo
37.5°C, as expected, and decreased about 4 log umits at 39°C. In
contrast, VEV-Ly, titers declined about 10-fold flom 31°C
to 35°C and then precipitously dropped about 5 log units at
37.5°C. No mufant viros was detectable at 39°C. Interestingly,
VEV-Lpgp Fields at 37.5°C were substantially lower than at

3T E‘lg 14), mppesting an unusually sharp dechine over a
wery small temperature range. This acufe temperature sensi-
tiwity was confirmed in an independent experiment measuring
intracelinlar viral BMA accunmlation in infected cells at 13 b
P over a nammow range of temperamres (Fig. 5B). VE3V-Leor
M mapscript accummlation was essentially the same at 33°C
mnd 35.5°C and decreased about twofold at 36.5°C. Femark-
ably, no transcripts were detectable at 37.5°C. The same pat-
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mmEant Lygre protein thos displays a uniqoe temperatme sen-
sitivity profile for viral BMA synthesis, with a ctoffvery close
to the physiclogical temperature. At 37C, however. as docu-
mented above, substantial viral EIMA synthesis takes place bat
is delayed.

VEV-Lygpe virions are transcriptionally inactive in vitro.
The abowe findings clearly showed that the L., protein
displays temperatore-sensitive polymerase activity both in
minigenome assays and vims-imfected cells. We thos ex-
pected that the Lpge protein packaped in wirns particles
would display temperatare semsitivity for in vitre transcrip-
ton. Swpnsingly, detergent-activated WVSV-Ly,, wvins
particles consistently showed no polymerase activity in vitro
at 30°C, the optimal temperature typically msed for such
aszays (Fig. 6A). No significant incorporation of “P-labeled
precursor above the background level was observed even
after 18 b of incobation, and no ENA products were detect-
able by pel analysis. When transcription was carmied out ower
2 mange of temperatures (Fig. &B), ViVwt-EGFP winons
showed optimal activity at 30°C, as expected, and §80°% less at
22°C. The mutant virus, however, was mactve at all tempera-
tures tested. Similar results were obtained with an independent
preparation of V5V-Lagry wimis (originating from a separate
plaque isolate) purified using extra precautions to keep the
temperatore as low as possible at all times and camying oot
transcription assays immediately following partial purification
(sncrose gradient only) or full purification (sucrose and far-

I Vimew

trate pradients). Likewise, variations in assay conditions {con-
centrations of nuclectide, mapnesium_ salt, reducing agent. and
detergent) or addition of uminfected BHE or Hela cell ex-
tracts failed to uncover any polymerase actvity. Curiously,
despite this deficit, purified V5V-L, ., particles nonetheless
productively infected BHE cells at 33°C {not shown). These
results suggest that the mmtant polymerase protein is very
unstable under in vitro ranscription conditions. Altematively,
some facton(s) normally required for polymerase activity may
be present in wi virions but absent in mutant vinons, o Ly
protein, at not Ler protein, may require a factor(s) present
only inhost cells.

VEV-Lygw virions package reduced amounts of L polymer-
ase protein. Given the absence of polymerase activity in WEV-
Ly particles, we wondered whether this defect mizht be
due to abnommal packaging of viml proteins. SD5-PAGE anal-
content of ratio of G, N, P, and M proteins between wi and
mnntant virion, bat surprisingly, the latter showed about three-
fold-less L protein (Fig. 6C). The Ly, band migrated slightly
slower than the wild-type L band, as expected, with no evi-
dence of cleavage products. These results were confirmed by
Western blotting using anti-L and anti-P antibodies (not
shown). To ow knowledgze, this is the first reported instance of
a defect in packaging of the viral L polymerase protein in
MMV, What canses reduced packaging of L, ., protein, how-
ewer, remains unclear. This deficit could conceivably explain
the lack of transcription in witre if such activity requires a full
complement of L.

Primary transcription in V5V-Lycp-infected cells is abo
temperature sensitive. Primary wranscription of the VW ge-
nome by the viron-asseciated polymerase is required oo initi-
ate vims replication in wive. The mutant vims should thos be
capable of carmmyimg out primary franscription i infected BHE
cells despite the lack of demonstrable virion-associated poly-
merase activity in vitro. Figure 60 confinms that V5V-Leor
does in fact synthesize M transcripts in infected cells when
protein synthesis is blocked. For wt wirns, tanscript amounts
increazed from 5 to 10 pi. as expected, and reached lewels
approximately twofold higher at 37°C than at 33°C. VSV-
Laore M transcript accumulation at 33°C was slightly delayed
compared to that of wt vims at 5 b, perhaps a result of reduced
amounts of Ly, profeins in virus particles, bt nonetheless
reached the wt level at 10 pi. At 37°C, bowever, VSV-Leor

primary trapscription was clearly redoced compared to 33°C,
acmm.ulahngnumuteﬂnnzﬂ-'}uectﬂn'tleuﬂwmuﬂhpL
This reduced and delayed accumulation of primary transcripts
at 37°C is consistent with the omrtant L behawier in standard
winas infections, which alse displayed delayed accunmlation of
transcripts at this temperatare (Fig. 4A). The recovery in mm-
tant vims transcription at 16 b pi in standard infections is
consistent with accumulation of newly symthesized L
proiein. We conchide that the polymerase packaged m VSV-
L,y particles is capable of catalyzing efficient primary tran-
scription in vivo at the permissive temperare of 33°C despite
the lack of viron-associated activity m vitro. Moreover, the
substantially reduced primary transcription activity at 37°C
indicates that the transcriptase activity of the Ly, protein,
ot just its replicase activity, is temperatire sensitive in vivo.
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DISCUSSION

We initated the above work to shed light on the domain
stmacture of the V5V L polymerase protein. Absent stnactural

o, g e R B e oL

independently functening “domains” or whether the con-
served regions mmst mferact with each other o orcheswate
penome transcription and replication On the basis of L-pro-
tein sequence alizmments within Merbillfvirus, a gems within
the Poramywoviridae family, Mcllhatton et al (20) idemtified
two small hypervariable repions (H1 and H2), which they pos-
tlated function as “hinges™ between conserved domains. The
first of these lies between comserved blocks IT and IIT. and the
second lies just upstream of domain VI, which recent smdies
have clearly idemtified as the virus methylase responsible for
modifying cap stuchmes on viral mPMNAs. Remarkably, re-
combinant morbillivineses with an EGFP insertion in the H2
region (ut not H1) grow nearly as well as wit virus in cultured
cells (1, 9, 33). Although Rhabdoviridoe L-protein sequences
show no obvious hypervariable regions comesponding to H
and H2, our findings here show that EGFP inserfion just up-
stream of the VEV L-protein domain VT is also well tolerated.
These findings provide swonp support to the neton that all
MWV L proteins harbor a flexible “hinge™ repion that sepa-
mates the methylase domain from upsiream functions.

Given the absence of an H2 region in V5V, we chose to
insert EGFP 55 residues from the first lysine of the E-D-E-E
catalytic tetrad m the methylase domain which is wery similar
to the insert position used for morbillivinas L protems (56

the yields of recombinant VEWV-Legp vimes in BHE cells at
33°C were only slightly reduced compared to wi virns (§8-fold)
but were nmch lower at 37°C (§00-fold). Mutant vins-in-
fected cells acoummilated viral BMA and protein to levels sim-
ilar to those of wt vims-infected cells at the permissive tem-
perature tut far more slowly at 37°C and reaching wt levels
only very late in infection (16 hp.i.). Primary transcription in
VEV-L;pp-infected cells was also delayed and, in this case,
reached only 20% of wi levels. Viral mPRNA transcripts syn-
thesized by the pmtant L protein, inchiding I. mPMA, were
translated as efficiently as those by the wt L protein at both
33°C amd 37C. The Lpgr protein showed no evidence of
degradation in infected cells. These resnlts lead us to conclude
that the nmtant L, polymerase fimctions in infected cells at
37%C but does so with a considerable delay compared to the wit
polymerase. Moreower, since mmitamnt virus particle relexse and
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infections yields were both reduced 400-fold at this temper-
ature, we infer that delayed viral ENA and protein accummila-
tion leads to a block in virus assembly and'or budding.

Efficient translation of V5V mBMAs, like that of most cel-
Inlar mP N As, requires a cap structure methylated at the goa-
mine-N7 position. To date, all available evidence suggests that
the V5V methylase encoded in domain VI catalyzes both the
Fuanine-N7 methylation and 2-C-adencsine methylation o
produce a cap 1 stractore (13, 18). Efficient ranslation of vims
ranscripts in WEV-Legp-infected cells suggests that the viral
methylase is not compromised by the EGFP insert. Howewver,
BHE cells also harbor an activity that can methylate VSV
mBAMA caps at the guanine-N7 position, as shown long ago by
Horkami and colleagues using the methylase-deficient VEV
hrl and hrd mutants (15). Notably, the host cell activity does
not catalyze -0 methylation of viral mENA caps. We found
o difference in the extent of cap 20 methylation of omrtant
wins ANSCTipts wersus Wi vires Tanscrips iselated from in-
fected BHE cells and no evidence for a compensatory host cell
activity for methylation at this site (unpublished). in agreement
with earlier findings (15). Our findings therefore sromely sug-
pest that VEV-Loge displays no methylation defect in wive.

The EGFP insertion lies at the C-terminal end of the longest
nonconserved region (4830 residues) evident in MWV L-pro-
tein alipnments (between conserved blocks V and VI). Otther
nonconserved repions berween conserved blocks are less than
100 residues im length and in some cases, nmch less. The large
size of this nonconserved stretch sugpests that it may nonethe-
less encode a function that differs substantially among MINV
families. Interestingly. a recent sudy demonstrated that amino
acid substtotions n a small region of this nonconserved region
in the V5V L protein (spamming residues 1450 to 1481) ad-
versely affect both guanine-N7 and X-O-adenosine methyl-
ation of viral mEMNA caps (12). Although the effect on meth-
ylase activity could reflect indirect consequences on protein
folding, it is ponetheless possible that imteraction between
some part of the nenconserved repion and domain VI is
necessary for wims methylase activity. If so, our results also
imply that this interaction is not disrupted by the EGFP inser-
tion

The temperature sensitivity of the W5V L., protein is
remarkable in that even a slight increase in temperanmre above
37°C led to mdetectable polymerase activity in infected cells
anda drastic reduction invirs yields (-4 logumits). This coald
well be due to misfolding and/or denatoration of the nomtant
protein above a critical temperature, but we fvor an alterna-
tve explanation We posmlate that the hinge mediates a
upsiream domain(s) of the L protein and that EGFP inser-
‘tion weakens this imteraction(s), making it more sensitive to
temperamre. It shonld prove mstructive in this regard to de-
termine whether the recombinant morbillivimses with analo-
gous EGFP-modified L proteins also show temperatore
sensitivity but with a higher threshold The nature and size of
the hinge reFion may also play a role in the owcome of EGFP
imsertion. For morbillivimses, the hinge region is perhaps
equivalent to the hypervariable H2 region of 23 residues, bat
the size of the hinpe could vary substantially among different
families and'or suberoups within MMV, The natore of the
imesert could likewise play a role in the outcome of insertions in

I Vimew

the posmulated hinge region. The compact [3-can strochore of
EGFP, with flexible M- and C-ferminal extensions protruding
out of the same end of the barrel, is somewhat umique (27), and
the effects of other fypes of mserts of different lemgths and
stnacture and at various positions upstream of domain VI
should shed light on the nature and function of the hinge
TEZion.

Perhaps the most unexpected fnding we repert here is the
apparent complete absence of mutant virion-associated poly-
merase activity. This is all the more puzzling, simce the primary
transcription of VEV-Lyp, in vive was similar to that of wt
wirzs at 33°C and only partially reduced at 37°C. Primary tman-
scription necessarily reflects the actvity of the virlon-bound
polymerase after cell enfry, since it is camied out in the pres-
ence of a protein synthesis inhibitor. Even so, all of our at-
tempis to uncover polymerase activity in purified mutant wiros
particles, which inchided seweral variations in reaction mixfure
components, 3 broad mnge of femperatores (22°C o 34°C),
amd addition of uninfected-cell extracts, prowed unsuccessfil.
The purified mmtant vims preparations nonetheless retaimed
L,y Proin is wery unstable under tramscription conditions
in vitro bat much less so in the context of infected cells. This is
consistent with our finding that noutant wims mfectivity was
more labile than wt virus mfectivity when imfected-cell hysates
were imcubated for prolonged periods at 37°C. It may prowve
instructive to examing whether the mutant L protein produced
in cells infected by the recombinant vaccinia-T7 virus retains
activity when reconstinated with purified N-BENA templates in
vitro (3).

Equally surprising and perhaps somehow related to the ab-
sence of vinion-associated polymerase activity, Ly, protein
was about threefold less abumdant in virions than Ler was,
while other viral proteins showed no difference. To our knowl-
edge, this is the first reported imnstance of a L polymerase
padﬁging{hﬂectinhﬂ\l\lﬂurminjgmasﬁysmmﬂsis—
ﬁcmdhydmﬂmmmupummpdjmxm
required the same amount of P protein, bot more-direct stad-
ies are needed to resolve this guestion. One possible explana-
ton is that the putant L'P complex is more easily dismipted
core at the time of packaging. Even so, the notant I-protein
packaging deficiency did not significanthy reduoce primary tran-
scriptionat the permissive temperamre invive, mggesting that
wirions package maore L protein than required to initiate infec-
tion efficiently, at least in highly permissive cells. It is tempting
to speculate that this packaping defect is mare acute at higher
temperamures and could thus explain a block in assembly and
telease of infections vimes from infected cells at 37°C. If so, the
presence of properly folded L protein in virion cores may be a
requirement for wirns budding. It would be interesting to know
whether similar viron-associated defects ocomr m the analo-
pous recombinant morbillivinases, bt this may be techmically
challenging, since the latter infections yield far less wins than
V5V infections and mmch lower levels of viron-associated
polymerase activity.

As m the morbillivines case, the recombinamt VSV-Lo,
protein proved to be autofleorescent in infected cells, which
provides an ideal tool for macking L polymerase protein dis-
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mibution. The low-resolution images offered here are cleardy
only a beginming but do show that, at permissive temperatmes,
the Ly protein is distribated more or less uniformly in the
cytoplasm before maxinmm rounding of infected cells takes
place (8 hp.i). The same pattern is evident at 37°C at con-
siderably delayed, in line with the Western blot results. Inter-
estingly, VEV-L,-infected-cells also produced an wmasual
CPE. In contrast to the wt vims nsed throughout o smdies
reparted here, which also encoded EGFP from an additional
anscription umdt, VEV-L,, infections acoummlated a sig-
nificant mumber of large syncytia contzining several mucled sur-
rounded by a halo of fluorescent cytoplasm. These were most
evident by 12 b pii. at 33°C. What canses this nmisual CPE is
at this temperamore. Brown et al. and Duprex et al reported
that the EGFP-agged L protein in MV- and BPV-infected
cells is present in cytoplasmic inchisions (1, 9) and also detect-
able on the inner leaflet of cellilar membranes in BPV-in-
fected cells (1). This was not evident in our VEV-Logps infec-
tons, but more-detailed smdies at higher esolifon are
needed to clanify the location and distribution of the @gged
polymerase protein.

est growth aftemuaton in cell colure, the opposite is tue m
mimal models of mifection. The modified FFV shows stronghy
attemuated pathogenicity for cattle, althouzh not quite as much as
2 oument vaccine straim (1). The modified CO'V provides sigmif-
icant protection against challenze vims in the ferret model bt
appears overatteruated for full protection (33). The mere dra-
matic effects on mutant virus growth in vive were deemed fo
result from inefficiencies in the replication machinery allowing
mere tme for an adequate immune response. O the basis of
our findings with VSWV-Legre, We suggest that temperahure
sensitivity of the vines polymerase may well be responsibile for
the posmlated delay in replication of the modified merbillivi-
Tuses in vive.

As pointed out by Brown et al and Duprex et al (1, 9),
their stadies provide the basis for a novel rational approach
to making live attenuated morbillivirus waccimes using a
sinple-step mufagenesis procedure Importantly, the modi-
fied morhillivirases proved to be genetically stable showing
o reversion follewing passages i cell cultore or, i the case
of the modified RPV, follewing @ days of infection in cartle.
Likewize, we found no evidence of reversion for VEV-Lypp
following sequential plague isolation and passages in cell
culiure under mempermissive conditons. This likely results
from the improbability of mutational events that would re-
store wild-type polymerase activity by deleting most or all of
the EGFP insert while keeping the comect reading frame
Our findings suggest that this vaccine approach may be
feasible for MWV in peneral. W5V recombinants hawe also
been given serious consideration in recent years as vaccine
platforms to induce effective mmune responses against a
larpe variety of antipens, including influenza vins and bu-
man immunodeficiency vims (30, 3I). Given its apparent
prowth attenuation but efficient protein expression at phys-
iological temperatares, VSV-L,,» may serve as a desirable
platform in thess applications becanse of its ease-of-produc-
ton advantages at permissive temperatures and very prob-

INSEETION OF EGFF IN A HINGE EEGION OF VSV L PROTEIN = 12231

able swong aftenuation in humans. Characterizaton of
VEV-Loyp pathology in animal models may shed Lght on
its potential use in vaccine applications.
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ABSTRACT

The large polymerase protein (L) of nonsegmented negative strand
(NNS) RNA viruses catalyzes all RNA synthesis and transcript modifications
needed for virus multiplication. The protein consists of a core polymerase
domain with an attached multi-domain appendage encoding co-transcriptional
viral mMRNA capping and methylation functions. To gain insight into putative
transient interactions between different L domains required for viral RNA
synthesis, we determined the effects of exchanging each of the four
appendage domains within the L protein of vesicular stomatitis virus (VSV)
Indiana serotype with those of the VSV New Jersey serotype. The
methyltransferase domain exchange yielded a fully functional polymerase
protein in minigenome assays and a fully competent recombinant virus.
However single replacement of other domains, including non-conserved
regions of unknown function, abolished polymerase activity. Co-exchange of
two or more domains also yielded inactive proteins, with the notable exception
of the methyltransferase and C-terminal domain combination that generated a
protein with substantially more replication than transcription activity. We also
show that the large non-conserved region between the capping enzyme and

methyltransferase domains does not appear to function purely as a hinge, as
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previously proposed, since in-frame EGFP insertions upstream of the
previously identified permissive site just upstream of the methyltransferase
domain also abrogated polymerase activity. Our findings identify one essential
and specific domain-domain interaction within the appendage of the L protein
and suggest that other dynamic interactions involving the appendage structure

play a role both in transcription and replication.
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INTRODUCTION

The large protein (L) encoded by nonsegmented negative-strand (NNS)
RNA viruses is the chief protein responsible for virus-directed RNA synthesis.
Together with a multimer of the virus phosphoprotein (P), the L protein forms
an RNA-dependent RNA polymerase complex and carries out all catalytic
functions of the multifunctional P-L complex. These include synthesis and co-
transcriptional modifications of virus mMRNAs and replication of the virus
genome. The L protein (~250 kDa) consists of discrete domains that catalyze
the various functions performed during RNA synthesis. The domains are
believed to interact based on evidence of coupling between distinct processes
(9, 16, 32). The complexities of the L protein however make it challenging to
identify specific domain-domain interactions using standard approaches, and
little is known about the significance or specifics of these interactions. We
initiated this study to gain basic insight into putative L protein domain-domain
interactions required for viral RNA synthesis. By analyzing various chimeric L
proteins containing exchanges of domains between related virus serotypes,
we show that polymerase activity is highly dependent on homotypic integrity of
some domains and provide evidence of a specific and hitherto unknown

domain-domain interaction.

NNS viruses constitute a large group that includes a number of
significant pathogens, most notably the lethal rabies, Marburg, and Ebola

viruses. Diverse in their host range, NNS viruses share a similar strategy for
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gene expression and replication. Much of what is known of their RNA
synthesis machinery is derived from studies of the prototype vesicular
stomatitis virus (VSV), an important livestock pathogen. The VSV negative-
sense RNA genome encodes five genes in the order 3’-N-P-M-G-L-5" and is
completely encapsidated by the virus nucleoprotein (N). The polymerase
utilizes the N-encapsidated genome as a template and initiates transcription
near the 3’ end to generate monocistronic transcripts of each gene.
Modifications of these transcripts, catalyzed by the L protein, take place during
synthesis. These include a unique GDP:polyribonucleotidyltransferase
reaction producing a 5’cap (21), two biochemically different methyltransferase
reactions resulting in a cap 1 (m’GpppNm) structure (10, 18, 25), and
generation of a poly-A tail at the 3’end of viral mMRNAs. Two host proteins,
elongation factor-1 and guanynyltransferase, have been reported to bind
specifically to the L-P polymerase complex (6, 11), but the possible functional
implication of these associations remains unclear. As N protein accumulates in
infected cells following synthesis of virus mMRNA transcripts by the virion-
associated L-P complex, the polymerase switches to a replication mode by
initiating at the 3’end and reading through gene junctions to produce an N-
encapsidated positive-sense antigenome strand. The antigenome then serves
as a template for generating N-encapsidated negative-sense genome copies.

The underlying factor(s) leading to the shift in polymerase synthesis is not well
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understood although it has been proposed that a tripartite L-P-N complex

serves as a possible replication-mode polymerase (12).

Biochemically different reactions catalyzed by L indicate it has multiple
active sites, presumably functioning as a network of interacting protein
domains. High-resolution crystal structures are lacking for NNS L proteins,
however compelling evidence from other sources supports the concept that L
is indeed structured as a multi-domain protein. Comparison of evolutionary
divergent NNS L proteins shows partitioning of conserved sequences into six
distinct blocks (CRI-VI) postulated to be domains (22). Functions have been
firmly linked to three of these regions. CRIII contains a signature polymerase
motif and has been confirmed as the polymerase domain (27, 29, 30).
Polyribonucleotidyltransferase activity, a novel capping enzyme unique to NNS
viruses, has been linked to CRV (21), and the dual-specificity
methyltransferase has been mapped to CRVI (10, 18). Functions of the other
conserved regions have not been definitively established. Three large blocks
of nonconserved sequence (>250 aa) are also present in NNS L proteins
positioned at both ends of the protein and between the capping (CRV) and
methyltransferase (CRVI) domains. The role of these non-conserved regions
is not yet clear but they could conceivably also serve as domains with virus-

specific functions.

Consistent with the notion of a multi-domain protein, low resolution

electron microscopy (EM) of the VSV L protein (minus P protein) show the N-
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terminal ~1100 aa, which include the polymerase domain, forming a ring
structure and the C-terminal ~1000 aa forming an attached appendage
consisting of three globular structures (24). Notably, the ring and appendage
structures must be joined together for L to be functional. The first appendage
globule proximal to the ring structure was determined by deletion analysis to
be the capping enzyme domain and the second globule was identified as the
methyltransferase domain. The third globule mapped to the C-terminal non-
conserved region of unknown function. For paramyxovirus L proteins this
terminal region was proposed to serve as a GTP- or GDP-binding site involved
in the capping function (20) but no evidence supporting this claim for L
proteins of other NNS virus families has been reported. Interestingly, as
viewed by EM analysis, addition of P protein causes a significant change in
the appendage structure, making the globules indistinct from each other and
converting the structure to a swirl attached to the ring structure (24). This
suggests that P binding induces a rearrangement of the L appendage
domains, although the location of the P protein multimer bound to L was not

discernible.

The flexibility of the L protein appendage structure suggests the
presence of hinge regions between the various domains. One such region,
capable of accepting an in-frame EGFP insertion while retaining polymerase
activity, was identified earlier and is located near the end of the non-conserved

region between the capping enzyme and methyltransferase domains (2, 8,
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28). This insertion-tolerant site was first described for paramyxovirus L
proteins and subsequently by us for the VSV L protein (26). Interestingly, the
non-conserved region as a whole did not form a visible structure in EM images
suggesting it has a low level of structure consistent with its functioning as a
hinge (24). The span of the hinge has not been established leaving it unclear if
the entire non-conserved region, or just a part of it, acts as a hinge.
Nonetheless, the hinge is postulated to be an important feature allowing for
rearrangement of the appendage domains as illustrated by addition of the P

protein in EM analysis.

All of the above supports the view that L operates as a dynamic protein
with its domains interacting in orchestrated fashion and asserting influence
over one another. Modifications such as capping and methylation occurring
during transcript synthesis suggest that the domains carrying out these
functions interact with the core polymerase domain. Consistent with this notion
are reports showing premature termination of elongating transcripts lacking
5’caps (32) and point mutations in the methyltransferase domain that
significantly affect polymerase activity (18, 19). A recent study shows that two
fragments of L separated at the hinge and rejoined by dimerization tags
require that they be derived from the same virus L protein to reconstitute RNA
synthesis (7), indicating a virus-specific interaction between the two fragments.
Moreover, these fragments failed to join without dimerization tags indicative of

low affinity binding as expected for transient interactions. Identification and
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characterization of domain-domain interactions in L proteins could therefore
provide insight into the inner workings and dynamics of the polymerase
complex and possibly reveal novel targets or strategies for antiviral
therapeutics against this class of viruses. It is not clear however which specific
domains or regions of L operate autonomously and which participate in

interactions that impact function.

Technigues used in identifying domain-domain interactions traditionally
involve molecular-based approaches such as two-hybrid systems, co-
immunoprecipitation, crosslinking, and fluorescence resonance energy
transfer (FRET). Such approaches typically require stable expression of
protein domains as well as relatively high-affinity, high-specificity interactions.
Only recently have large fragments of L been stably expressed (24) however
expression of smaller fragments corresponding to individual domains has
proven more difficult. Moreover, fragments of L often fail to bind or bind poorly
to the essential P protein (24) and the latter could conceivably be involved in
repositioning domains, particularly in the appendage region, to facilitate
interactions. Therefore, at present traditional approaches are not likely to

succeed in identifying domain-domain interactions in NNS L proteins.

We set out to determine which domains or regions in the L appendage
structure operated autonomously and which exhibited a dependence on other
regions of L by generating an array of chimeric L proteins derived from two

well-characterized VSV serotype viruses, Indiana-serotype (IND) and New
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Jersey serotype (NJ). By swapping NJ-based donor fragments into an IND-L
recipient we show here that polymerase activity is, for the most part, highly
dependent on homotypic combination of the appendage domains in
conjunction with a homotypic ring (polymerase) structure. The
methyltransferase domain is the only unit of the appendage structure that
shows a degree of autonomy, as L remains fully active with a heterotypic VSV
methylase in place. Furthermore, we show that a hitherto unknown interaction
between the methyltransferase domain and the C-terminal domain is required
for polymerase activity, and that the large non-conserved region upstream of

the known hinge region likely plays some other role in polymerase function.
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MATERIALS AND METHODS

Cell culture and viruses. All studies were conducted using baby
hamster kidney cells (BHK-21) grown as monolayers in minimal essential
medium (MEM) containing 7% newborn calf serum. Recombinant wt virus
described by Lawson et al. (15) was used to compare growth kinetics of the
recombinant IND VSV-L(n3M) virus reported here. This virus was derived from

the recombinant wt virus as described below.

Plasmid constructions. Plasmids encoding chimeric L proteins were
engineered using a recipient pPGEM-L plasmid (Indiana serotype, Mudd-
Summers strain) that encodes L containing a his-HA tag at the N-terminal end
as we reported in our previous studies (26). New Jersey L donor fragments
derived by PCR or restriction enzyme digest originated from a pBS-L(NJ)
plasmid (Ogden strain) kindly provided to us by Dr. C. Yong Kang. Many of the
constructs were cloned using a unique BstEll site in IND-L (pGEM-Lggg)) that
we previously engineered (26). All sequences generated by PCR were
sequenced as part of the final plasmid construct for the single region

exchanges of C, H, M, and T (SegXcel, Inc.).
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Cna

To swap the NJ-cap domain (C) into IND L, we used the Circular
Polymerase Extension Cloning (CPEC) method described by Quan and Tian
(23). PCR products were generated with Phusion High Fidelity polymerase
(New England Biolabs). Briefly, we generated two PCR fragments with
homologous ends to each other. The first PCR fragment encoded NJ-C amino
acids 1070-1311 immediately flanked by IND-L sequences (aa 1062-1069 and
1312-1320) using the primers forward 5’-

cctctttgacacatttagggaaacttCACTATCGTTTAGGGGATAATCAGATATGGTCC

and reverse 5'-
tgggggcgtgtagtccatacttgagtcCAGTTCTACTTCTTCAATCTCTCTAATGCATC
C; lower case represents IND nucleotides and bold caps represents NJ
nucleotides. An Nsil-Nsil fragment was cut from pGEM-L (IND) and the
truncated vector was self-ligated to yield a pGEM-LANSsil construct that was
then used as a template to produce the second PCR fragment. The primers 5’-

GAAGTTTCCCTAAATGTGTCAAAGAGGATACC and 5'-

ATAGAAGAGATCACCCTGGACTCAAGTATGG (underlined nucleotides
represent the complement of the IND sequences in the above forward and
reverse primers, respectively) were used to generate the second PCR product
yielding a linear copy of pGEM-LANSsil where nucleotides encoding IND C (aa
1070-1305) were omitted by primer design. The two PCR fragments were gel-

purified and mixed at a 1:1 molar ratio in a PCR reaction where the fragments
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were heat denatured, annealed to each other at both homologous ends, and
extended to yield double nicked-circular pPGEM-LANSil(n;C). An aliquot of this
reaction was electroporated into XL-1 Blue E.coli (Invitrogen) to obtain
covalently closed-circular plasmid copies. A BstBI-BstEIl fragment containing
NJ-C was cut from LANsil(y;C) and shuttled into pGEM-Lgsig cut with the

same enzymes to yield pGEM-L(Cyy,).

Uny

The NJ-unstructured region (U) was swapped into IND L by the CPEC
technique described above. A PCR fragment encoding the NJ (U) region that
included additional residues extending into the C- and M-regions (aa 1293-
1646) and immediately flanked by IND-L sequences (aa 1282-1292 and 1647-
1659) was amplified using primers forward 5’-
ctgttgcaagagacggatggatcaccagttgtacaGATCATTACCATATCAGATGTAAAG
G and reverse 5’-
ccattccatgtaatatactccgaattttataatgagcacCAGTAGGCAGTTGTCCAAGC; lower
case represents IND sequences and bold caps represents NJ sequences. The
pGEM-LANSsiIl template described above and primers 5'-

CTGTACAACTGGTGATCCATCC

and 5’-CCTCCAAGAATCCAAAATCCC were used to generate a second PCR

fragment corresponding to a linear copy of pPGEM-LANSsil where nucleotide
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sequences encoding the U-region (aa 1293-1627) were omitted by primer
design. The underlined sequence in the first primer represents the
complement of the IND sequence in the above forward primer; note the
second primer initiates synthesis on the template at a position upstream of the
IND sequence in the above reverse primer. The two PCR products were
processed as described above to generate pPGEM-LANSil(y;U). A BstBI-BspEl
fragment containing NJ-U was cut from pGEM-LANSsil(y;U) and shuttled into

pGEM-L cut with the same enzymes to yield pGEM-L(Uyy).

Mn3 and VSV- L(MNJ )

Cloning of the NJ methylase (M) domain into IND-L was done by
standard restriction digest and ligation using the previously reported BstEIl site
and an Nsil site we engineered in this study by silent mutation of the codon
encoding Y1863. The pBS-VSVFL(+) plasmid encoding the VSV (IND)
genome (ref) and containing a BstEIl site in the L gene was digested with
BamHI and self-ligated to generate a mini-L plasmid encoding the C-terminal
971 amino acids of the L protein. This plasmid then served as the template to
introduce the Nsil site by site-directed mutagenesis (QuickChange PCR;
Stratagene) using a plus-sense primer 5’-
GGAAAAACCTGTAIGCATTCCAGTCATCAGAACAGG (Nsil site underlined

and mutated nucleotide in lowercase type) and its complement. The resulting
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construct was a mini-L (BstEII/Nsil) plasmid. A PCR fragment was generated
encoding NJ L amino acids 1596-1863 and immediately flanked by BstEIl and
Nsil restriction sites using primers 5’-
CGATATAATGGTTACCTTTTATCCGAATTGGGGAACAGAGTACATTGG
(BstEll site underlined) and 5'-
CTTTGAAGCTTCTGAATGCATACTGTTTCTCC (Nsil site underlined). The
BstEII-Nsil cut PCR product was then cloned into the respective sites in the
mini-L (BstEII/Nsil) plasmid to yield a mini-L(y;M) plasmid. A BstEII-Agel
fragment containing the NJ methylase was cut from mini-L(y;M) and ligated
into pGEM-Lgsg; cut with the same enzymes to yield pGEM-L(My;). To
generate the pVSV-L(My;) plasmid used for recovery of infectious virus, a
BstEll-Hindlll fragment containing the NJ methylase was shuttled from pGEM-

L(Mng) into pBS-VSVFL(+).

T1ng

The NJ-terminal 1 (T1) coding sequence (aa 1863-1958) with an Nsil
site placed immediately upstream was PCR amplified from the pBS-L(NJ)
template using primers 5-CAACTGGGAGAAACAGTATGCATTCAGAAGC
(Nsil site underlined) and 5’-CACATTTTGTTGACATCCCCATCTGATGG
which annealed downstream of a PfIMI site common in IND and NJ that we

designated as a separation point between T1 and T2. The Nsil-PfIMI cut PCR
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fragment was ligated into a mini-L(BstEII/Nsil) construct described above cut
with the same enzymes to yield a mini-L(n3T1) intermediate. A BstEll-Agel
fragment containing NJ-T1 was cut from mini-L(y;T1) and ligated into a pGEM-
Lsten recipient cut with the same enzymes to yield pGEM-L(T1y;). Note, Agel

is present in the IND-T2 coding sequence.

T2ng

A PfIMI-Spel fragment containing the NJ-T2 coding sequence was cut
from pBS-L (NJ) and ligated into the mini-L (BstEII/Nsil) plasmid cut with the
same enzymes to yield mini-L(n3T2). A BstEII-Spel fragment containing the
NJ-T2 was cut from mini-L(y;T2) and ligated into a pGEM-Lgsie recipient cut

with BstEll and Nhel (compatible ends with Spel) to yield pGEM-L(T2y;).

Ty

The Nsil-PfIMI cut PCR fragment encoding the NJ-T1 fragment
described above was ligated into the mini-L(y;T2) recipient cut with the same
enzymes to yield an intermediate mini-L(n;T) construct containing the
complete NJ T-region. A BstEII-Spel fragment containing NJ-T was cut from
mini-L(yy;T) and ligated into a pGEM-Lggg) recipient cut with BstEIl and Nhel to

yield pGEM-L(Tny).
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(MT2)ng

A PfIMI-Spel fragment containing the NJ-T2 coding sequence described
above was ligated into the mini-L(y;M) plasmid cut with the same enzymes to
yield mini-L(n;MT2). A BstEII-Spel fragment containing NJ-M and -T2 was
removed from mini-L(y;MT2) and ligated into a pGEM-Lggg; recipient cut with

BstEll and Nhel to yield pGEM-L(MT2)n;

(CMT)ny

A PCR fragment encoding NJ-M and -T domains (aa 1596-2109)
flanked by an upstream BstEIl site and an Spel site downstream of the stop
codon was generated using the pBS-L(NJ) plasmid template and the primers
5-CGATATAATGGTTACCTTTTATCCGAATTGGGGAACAGAGTACATTGG
(underlined and bolded nucleotides indicate the BstEll site and NJ coding
sequence, respectively) and 5-GGCTCGTATGTTGTGTGGAATTGTGAGCG
(complementary to plasmid backbone). The BstEII-Spel cut PCR product was
then cloned into a pBS-Lgsie; recipient vector cut with the same enzymes to
yield an intermediate pBS-L(y;MT) construct. A BstBI-BstEIl fragment
containing the NJ-C domain was cut from pGEM-L(y;C) and shuttled into pBS-
L(ngMT) to yield a second intermediate pBS-L(n;CMT) construct. A BstBI-Notl

fragment was cut from pBS-L(y;CMT) and shuttled into pGEM-L(n;T) cut with
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the same enzymes to yield the pGEM-L(CMT)yy plasmid. Note that Notl is

specific to NJ-T coding sequence.

(MT)ng

A BstBI-BstEIl fragment was cut from IND pGEM-Lgsie and shuttled
into the pGEM-L(n;CMT) plasmid described above cut with the same enzymes

to yield pGEM-L(MT)ny, thus reintroducing IND-C back into the construct.

(CM)ng

A BstBI-BstEll fragment containing NJ-C was cut from pGEM-L(n;C)
and ligated into pGEM-L(n3;M) cut with the same enzymes yielding pGEM-

L(CM)ny.

(CTny

A BstBI-BstEll fragment containing NJ-C was cut from pGEM-L(n;C)
and ligated into pGEM-L(nyT) cut with the same enzymes yielding pGEM-

L(CT)ny-
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(CUMT)ny

An NgoMIV-Notl fragment was cut from pBS-L(NJ) and ligated into a
pPGEM-L(n;CT) recipient cut with the same enzymes yielding pGEM-
L(CUMT)n;. Note, NgoMIV site is located in NJ-C and Notl site is located in

NJ-T coding sequences.

(CU)ns

A BstBI-Spel fragment containing NJ-C and part of NJ-U was cut from
pPGEM-L(CUMT)y; and ligated into pGEM-L(n;3U) cut with the same enzymes

to yield pGEM-L(CU)yy.

(UT)NJ

A BstBI-BspEI fragment containing NJ-U was cut from the pGEM-
LANSil(nyU) construct described above and ligated into pGEM-L(y;T) cut with

the same enzymes to yield pGEM-L(UT)ng.

(UMT)ny
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A Sall-Blpl fragment was cut from pBS-L(NJ) and ligated into pGEM-
L(naUT) cut with the same enzymes yielding pGEM-L(UMT)y;. Note, Sall site

is located in NJ-U and Blpl site is located in NJ-T.

Legep Variants

The five newly developed Leggp variants reported in this study were
engineered using the CPEC technique described above. Briefly, each variant
was made by first generating two PCR fragments with homologous ends to
each other. The first fragment contained the EGFP coding sequence
immediately flanked on both ends by in frame L sequences (~25 nt)
corresponding to the indicated position of insertion. For example, the
Lecrp(1318) variant has the EGFP reading frame placed directly between
codons for aa 1318(T) and 1319(P) of VSV-L. The second PCR fragment was
a linear copy of pGEM-LANSIl described above where primers of opposite
polarity were designed to generate a replicate copy of the template linearized
at or near the indicated position of insertion. The two PCR products were
processed as described above to generate a pGEM-LANSsil version with EGFP
inserted at the indicated position. A fragment containing the full EGFP reading
frame was then subcloned into pGEM-L (full-length) to produce the final Legrp

encoding plasmid. All sequences generated by PCR and subcloned were
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sequenced as part of the final plasmid construct (SegXcel, Inc.). Primer and

sequencing information for all Legrp constructs is available upon request.

Minigenome assays. Minigenome assays were done as we previously
described (ref) except that transfection was carried out with polyethyleneimine
(PEI). Briefly, cell monolayers were grown to 75% confluency in 6 cm dishes
and transfected 18 hours prior to vaccinia-T7 infection. Eight microliters of a
7.5 mM solution of PEI (Polysciences, Inc. PElI “MAX” CAT. No. 24765) was
mixed per pg of DNA in 0.4 ml of MEM without serum for 20 min. before
adding to the cell monolayer in 4 ml of fresh MEM plus serum. Plasmid
amounts were identical to those we reported previously unless otherwise
noted (26). A constant PEI:DNA ratio was maintained when plasmid amounts
were varied. Transfection supernatants were aspirated and cell monolayers
washed twice with saline immediately prior to vaccinia-T7 infection. All
experiments were incubated at 37°C for 5 hours post vaccinia-infection before
minigenome particles were added and incubation temperature lowered to
33°C until harvest of cytoplasmic extracts 20 h post-infection. Northern blot
labeled bands were quantified using a Typhoon phosphorimager (GE

Healthcare).
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Western blotting. Immunoblots were conducted according to standard
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
procedures using 10% polyacrylamide gels and transfered to polyvinylidene
difluoride membranes (GE Healthcare). Membranes were blocked with 1%
bovine serum albumin. Anti-HA antibody (Sigma) and horseradish peroxidase-
conjugated anti-mouse antibody (Santa Cruz Biotechnology) were used at a
dilution of 1:10,000. Antibody detection was carried out by autoradiography
using ECL chemiluminescent substrate (Thermo Scientific Pierce) and film

(GE Healthcare).

Recovery of recombinant IND VSV-L(y;M) virus. Recovery of
infectious virus was done as we previously described (26) except that
transfection was carried out using PEI as described above. Note that support
plasmids pBS-N (0.6 pg), pBS-P (1.4 ug), pBS-L (0.9 pg), and the full-genome
template plasmid (1.1 pug) were transfected immediately after infection with
vaccinia-T7 virus in this case. Successful virus recovery was judged by
cytopathic effect (CPE) and confirmed by plaque assay on BHK cells. RT-PCR
using AccuScript reverse transcriptase (Agilent Technologies) was carried out
on infected cell extract to confirm the presence of the NJ-methylase coding

sequence in the viral genome.
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RESULTS

Effect of swapping L protein segments between VSV serotypes on
virus polymerase activity. The amino acid sequences of the VSV IND L
protein capping enzyme domain (C), “unstructured” domain (U),
methyltransferase domain (M), and C-terminal domain (T) are 71%, 67%,
66%, and 42% identical to the homologous segments of the VSV NJ L protein,
respectively. We surmised that swapping these segments between the two
serotypes might shed light on sequence-specific interactions between
appendage domains and/or with other components of the polymerase
complex. Accordingly, we constructed a series of T7 polymerase-driven L
protein expression plasmids each containing one of the above NJ-specific
segments within the backbone of the IND L protein (see Figures 1 and 2). We
then used the minigenome system described in our previous study (26) to
monitor effects of these modifications on virus polymerase activity. This assay
relies on co-transfection of T7 promoter-driven plasmids encoding VSV L, P,
and N proteins into vaccinia-T7 virus-infected BHK cells, followed by infection
with a virus particle containing a minigenome template. The latter contains all
the RNA synthesis control elements found in the standard virus genome but
encodes only the VSV M and G genes. Replication and transcription of the
minigenome thus relies entirely on plasmid-expressed viral proteins and is

assessed by Northern blotting using plus sense and minus sense M gene
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probes, respectively. Note that transcription in this assay is detectable only if

replication occurs first to provide the needed templates.

We previously found that insertion of the EGFP coding sequence in the
VSV IND L protein upstream of the methyltransferase domain resulted in
temperature-sensitive polymerase activity (26). To maximize detection of
polymerase activity in the experiments reported here, we carried out all assays
at the permissive temperature of 33°C. Figure 3 displays the effect of
increasing amounts of wild-type L plasmid on accumulation of transcription
and replication products under these assay conditions. Transcription reached
a maximum with 7 ug input L plasmid while replication, as well as L protein
accumulation, peaked at 3 ug. All experiments described in this paper, unless
otherwise noted, used 3 ug L plasmid input and optimum amounts of P and N

plasmid as determined previously (26).

When the C, U, and T appendage domains from VSV IND L protein
were individually replaced with their VSV NJ counterparts, polymerase activity
was abolished (Fig. 4A). In contrast, the M domain swap reproducibly yielded
transcription and replication activities ranging from slightly lower to somewhat
higher than wild-type IND L protein, as shown in Figure 4A. Lack of
polymerase activity was clearly not due to defective NJ donor segments since
the parent NJ L protein was fully active with VSV IND minigenome templates
in the presence of NJ P and NJ N proteins (Fig. 4A, top panel). All chimeric L

proteins accumulated about twofold less than wild-type L regardless of activity,
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ruling out insufficient L protein expression for lack of polymerase activity (Fig.
4A, lower panel). Attempts to rescue activity for the C, U, and T swaps by
increasing L plasmid input or varying P plasmid input proved unsuccessful, as

illustrated in Fig. 4B for the U swap.

Although the active methyltransferase domain swap generated a
competent polymerase, we could not exclude the possibility that the swapped
domain itself was catalytically inactive since transcription of viral genes from
the minigenome template or replication of the template do not require co-
transcriptional methylation. We addressed this question by recovering a
recombinant virus harboring the methyltransferase swap. This virus displayed
no significant growth differences or defects compared to wild-type rVSV (not
shown). The NJ methyltransferase domain within the context of a VSV IND L

protein therefore fully functioned in all aspects of the virus replication cycle.

Since exchange the methyltransferase domain, in contrast to other
domains of the appendage, could tolerate sequence differences between the
two serotypes, we explored whether this relative degree of autonomy allowed
for replacement with the more distant Ebola filovirus methyltransferase domain
(22% identity). The resulting chimeric protein accumulated to the same extent
as wild-type IND L but showed no activity in the minigenome assay (not
shown). It remains to be determined if homologous methyltransferase domains

from viruses more closely related to VSV can function in this context.
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Loss of polymerase activity for the three other domain swaps suggested
that these might participate in serotype-specific contacts either with each other
or with some other component of the polymerase complex, and that such
interactions are required at least for replicase activity. This was particularly
surprising to us with regard to the C-terminal domain of the VSV L protein,
whose function is unclear but shows very little sequence conservation
between the two serotypes (42% identity). To determine if loss of activity
mapped to a specific portion of the T domain, we swapped the first and
second halves of the region separately. Neither the T1 nor the T2 sub-region
exchanges yielded an active polymerase (Fig. 4C). These results in turn
suggest that the T domain likely functions as a single unit, in line with the
recent EM study showing its correspondence to a globule at the C-terminal

end of the appendage region (24).

Effect of co-swapping multiple domains of the L protein
appendage on virus polymerase activity. Hypothesizing that inactivity of the
C, U, and T domain swaps might be due to loss of domain-domain interactions
specifically within the appendage, we next tested various combinations of
exchanged domains for polymerase activity. Compound swaps that included
the entire appendage (CUMT), two triple-domain exchanges (CMT and UMT),
and four double-domain exchanges (CU, CM, CT, and UT) all failed to rescue

activity (Fig. 5). The one telling exception was the MT double-domain
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exchange (Fig. 5). Intriguingly, this chimeric MT L protein rescued replication
to a greater extent than transcription (67% + 8.7% and 13% + 5.3% of wild-
type, respectively). Furthermore, no rescue was observed when only the T2
half of the NJ terminal domain was co-exchanged with the NJ M domain (Fig.
5). These results clearly show that the M and T domains must interact with
each other in a serotype-specific manner to enable replication and
transcription, and that the site(s) of interaction is either present in the T1
region or spans both T1 and T2 regions. Interestingly, functional interaction
between these two appendage domains is retained when only the NJ
methyltransferase domain is exchanged, as noted above. A summary of

activity for all single and combination domain exchanges is shown in Figure 6.

Lack of activity resulting from most compound swaps is also revealing.
For example, one would expect that exchange of the entire appendage would
retain functional domain-domain interactions within the appendage. If so, loss
of activity implies that the capping domain and/or other domains in the
appendage requires serotype-specific interactions with the core polymerase
and/or some other protein in the polymerase complex to sustain polymerase
activity. Loss of activity for the UMT exchanges moreover suggests the large
unstructured U domain plays a role in polymerase activity, either as an
independent unit interacting with the core polymerase or in fashioning an
active configuration of the appendage structure independent of the capping

domain.
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In-frame EGFP insertions in the “unstructured” domain block
polymerase activity. We have so far referred to this region of the appendage
as an unstructured domain based on previous EM studies, where this large
non-conserved region (~330 residues) between the capping and
methyltransferase domains could not be visualized and deemed to function as
a large unstructured linker region (24). This assignment finds some support
from studies providing evidence for a linker site near the C-terminal end of this
region (just upstream of the methyltransferase domain) in VSV (26) as well as
several paramyxoviruses (2, 7, 8, 28). Serotype-specificity for this unstructured
domain in our swapping experiments was thus unexpected. To further explore
the possibility of a linker function for this entire region, we extended our
previous study showing that polymerase function is retained when EGFP is
inserted at position 1595 of the VSV L protein. Accordingly, we constructed L
proteins with EGFP at five different positions (1318, 1374, 1472, 1522, and

1577) spanning the unstructured region (see Fig. 7).

Surprisingly, none of the newly constructed L-EGFP insert variants
showed any polymerase activity compared to wild-type L or the original 1595
insert construct (Fig. 7). As noted previously for the 1595 EGFP insert, the
additional EGFP insert L proteins examined accumulated to levels 2- to 4-fold
lower than wild-type L. The 1522 insert variant however accumulated about

tenfold less protein than wild-type (Fig. 7), an amount nonetheless sufficient
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for concluding it lacked significant polymerase activity. Reduced L protein
accumulation for the EGFP insert mutants was observed repeatedly in
independent experiments and correlated with EGFP fluorescence intensity in
the transfected cells used in the minigenome assay (not shown). Moreover,
increasing input L plasmid amounts from 3 pg to 7 pg failed to significantly
increase L protein accumulation for the 1522 insert mutant (not shown). The
basis for reduced L protein accumulation remains to be explored but could
reflect mutant L protein instability due to defective P binding since the latter

protein has been shown to stabilize L from degradation (3).

Notwithstanding, these results show that EGFP insertions throughout
the “unstructured” region between the capping and methyltransferase domains
is incompatible with replicase function and possibly transcriptase funciton as
well. These findings along with our domain exchange results, suggest that the
bulk of this “unstructured” domain does not function as a hinge. The latter
appears to be restricted to a relatively short span of residues upstream of the
methyltransferase domain. Likewise, lack of activity for an insertion only 13
residues downstream of the inferred boundary for the capping domain
suggests either the absence of a linker in this region, or the presence of a
more restrictive one. Interestingly, the “non-structured” region shows only
moderately less sequence conservation than the methyltransferase domain
within the Rhabdoviridae family, in contrast to the much more variable terminal

domain region (not shown). Our findings also find support from an earlier study



where small 10-residue linker insertions spanning the corresponding domain

of the measles virus L protein also generated inactive polymerases (7).

56
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DISCUSSION

NNS virus L proteins encode all the enzymatic activities necessary to
produce capped and methylated viral mMRNA transcripts. These modifications
take place on short nascent transcripts necessitating coupling to the
polymerization process. EM studies of purified VSV L protein have shown that
capping and cap methylation functions map to a flexible C-terminal appendage
attached to a core polymerase ring structure (24). This overall architecture
suggests that transient interactions between individual appendage domains
and other components of the polymerase complex are necessary to
orchestrate individual steps of transcription and replication. We sought to gain
insight into these putative interactions by exchanging appendage domain
components between VSV serotypes and determining effects on polymerase

activity in a minigenome system.

The appendage region of the VSV IND L protein consists of four well-
defined domains: cap addition enzyme, “unstructured” region,
methyltransferase domain, and C-terminal domain. Each of these domains
was swapped for the homologous counterpart from VSV NJ L, either one at a
time or in various combinations. Our findings shed light on several different
aspects of appendage functions. Perhaps the most significant of these is with
regard to the methyltransferase domain and the C-terminal domain whose

precise function remains unclear. While the methyltransferase could be
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exchanged on its own without affecting polymerase function, all other single
domain swaps generated inactive polymerases. However, co-exchange of
both the methyltransferase and C-terminal domain produced a functional
polymerase. This intramolecular complementation provides compelling
evidence that a functional linkage exists between two distinct structural units of
the L appendage and offers fresh insight into the dynamics of NNS virus L

proteins.

VSV IND and VSV NJ serotype L proteins show 78% overall similarity
(1) and undoubtedly catalyze essentially identical functions. Previous studies
have addressed whether the VSV NJ L protein can function in the context of
VSV IND P and N proteins. VSV NJ L was shown to substitute for IND L for in
vitro transcription of IND N-RNA templates but only if both IND P and NJ P
proteins are present (31). In contrast, VSV NJ L could not replicate IND VSV
copy-back DI RNA templates in the presence of IND P and IND N proteins but
could do so in the presence of IND P and NJ N (14). These earlier studies
provide strong evidence that transcription requires a serotype-specific
interaction between NJ L and NJ P proteins and that replication requires a
serotype-specific interaction between NJ L and NJ N proteins. Loss of
polymerase activity in the context of our studies here could therefore involve
disruption of domain-domain interactions within the chimeric L proteins, or
disruption of interactions with IND P or IND N proteins. These two possibilities

are, of course, not mutually exclusive. Failure to recognize RNA template
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sequence features, however, is clearly not involved since the VSV NJ L
protein proved to be fully functional with the IND minigenome template when

assayed with NJ P and NJ N proteins (Fig. 2).

We documented here that swapping the NJ methyltransferase domain
into IND L protein had no apparent effect on L polymerase functions in the
minigenome system, or in the context of a recombinant virus expressing the
chimeric L protein. While this clearly shows the methyltransferase domain
displays a relative degree of autonomy compared to other appendage
domains, our findings also indicate that it must interact with the downstream
C-terminal domain since swapping the latter on its own produces an inactive
polymerase and swapping both rescues activity. Moreover swapping with the
more diverged Ebola methyltransferase domain generated an inactive
chimeric L protein in the minigenome system where catalytic activity of the
swapped domain is not required for RNA synthesis. We presume that, in this
case, the Ebola domain blocks essential appendage domain interactions either
within L, or with some other component of the polymerase complex. A non-
catalytic role for the methyltransferase domain is consistent with reports that
mutations within the domain affect polymerase even though the latter does not
depend on methylation activity (18). We believe these findings are in better
agreement with a model where the methyltransferase domain must actively
interact with the C-terminal domain of the appendage, and perhaps additional

domains of L, to allow proper execution of transcription and replication.
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Despite the capping domains of IND and NJ being more conserved
than the methyltransferase domains (71% versus 67 % identity), the IND L
protein failed to function as a polymerase with a NJ capping domain in place.
The lack of a high-resolution structure for any NNS L protein makes it difficult
to precisely map the various domain boundaries. In exchanging the capping
domain we relied on reported L protein alignments (17, 22) as well as
secondary structure predictions (JPRED 3 server) to select junctions just
outside of the domain boundaries and anticipated to have minimal effect (Fig.
2). Even so, we cannot rule out that one or both junctions we chose for the
capping domain were part of a critical structure destroyed by the exchange
and thus causing the polymerase defect. Conceivably, swapping the capping
domain at different junction sites could result in a functional polymerase.
Notably, exchange of the complete appendage region (using the same N-
terminal junction) also generated an inactive polymerase. In this latter case,
interactions purely between appendage domains were presumably preserved.
It is also important to keep in mind that loss of polymerase activity in the
minigenome assay used here equates to a loss of replicase activity but not
necessarily a loss of transcriptase activity, since the latter depends on
accumulation of replicated templates. We therefore consider it more likely that
the polymerase defect observed with our capping domain exchange is due to

sequence differences that negatively affect an interaction between this domain



61

and the core polymerase required for replication, and perhaps also

transcription.

All domain exchanges, except for the aforementioned
methyltransferase domain swap and co-exchange of this domain with the C-
terminal domain, generated completely inactive polymerases and thus affected
replication. This suggests that all domains of the appendage may participate in
fashioning a replication-competent form of the polymerase. It has long been
speculated that the switch from transcription to replication in NNS viruses
requires a conformational change in the polymerase protein, perhaps
mediated by recruitment of an N protein subunit (12). It seems reasonable to
expect a reconfiguration of the appendage structure when switching from
transcription to replication in order to reposition the capping and
methyltransferase domains away from the site of polymerization. We in fact
showed previously that inhibiting proper functioning of a hinge region just
upstream of the methyltransferase domain via EGFP insertion also blocks
replication (26). Moreover, EM analysis of the VSV L protein provides direct
evidence of reconfiguration of the globular appendage structure to a less well-
defined flap over the polymerase ring domain in the presence of the P protein

polymerase subunit.

Curiously, the C-terminal domain is the least conserved region of NNS
virus L proteins (even VSV IND and VSV NJ show only 42% identity) but it

nonetheless maps to a globular structure discernible by EM imaging of the
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VSV L protein. No definitive function has yet been assigned to this domain but
the equivalent region in paramyxovirus L proteins bears a motif associated
with cellular capping enzymes (20). Mutation or deletion of this motif in the
human parainfluenza virus type 2 L protein resulted in a transcription-defective
but replication-competent polymerase, prompting the authors to propose that
this region of L, although more than 500 residues downstream of the capping
domain, is a GTP- or GDP-binding motif involved in the capping mechanism.
This motif however is not present in NNS virus L proteins other than
paramyxoviruses, and evidence for a transcription-specific function for the C-
terminal domain of other NNS virus L proteins is lacking (but see below). Our
swap of the C-terminal domain generated an inactive polymerase indicating
loss of replicase activity but not necessarily transcriptase activity. The same
result was obtained when either half of the C-terminal domain was exchanged
separately, indicating the defect is not due to a localized stretch of variable
residues. Our findings do not contradict the possibility of an accessory capping
activity for this domain but do suggest the C-terminal domain has a role in
specifying the replicase form of the L protein. Poor sequence conservation
moreover suggests that this domain may function differently when comparing

more distantly related NNS viruses.

As mentioned above, co-exchange of the C-terminal domain with the
upstream methyltransferase domain did produce an active polymerase.

Moreover, co-exchange of the NJ methyltransferase with its homotypic T2
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sub-region of the C-terminal domain (e.g., separated by IND T1) also showed
no polymerase activity, providing further evidence that the NJ
methyltransferase was not exclusively responsible for activity in the co-
exchange. We interpret these findings as compelling evidence that the NJ
methyltransferase and NJ terminal domain in tandem offset the polymerase
defect. We find it difficult to envision a scenario where the rescue of activity
here is not the result of a functional linkage between the methyltransferase
and the C-terminal domain. To our knowledge, this is the first evidence of a
specific and essential interaction between two domains of the appendage

region of NNS L proteins.

Notably, co-exchange of the above two domains restored polymerase
activity asymmetrically: transcription was marginally rescued while replication
showed significantly greater rescue (averaging 13% and 67% of wt activity,
respectively). This phenotype is consistent with a model where the C-terminal
domain plays a significant role in transcript modification such as capping while
also being indispensable for replication activity. In each case interaction with
the neighboring methyltransferase domain, by direct or indirect means, is likely
essential. It is tempting to speculate that additional interactions involving other
appendage domains, and perhaps the core polymerase itself, are required for

full transcription activity.

An important aspect of our findings also addresses the role of the large

non-conserved region (~300 amino acids) between the capping and
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methyltransferase domains. We refer to this region as “unstructured” domain
on the basis of EM analysis of the VSV L protein showing no discernible
structure between the globule forming capping and methyltransferase
domains, leading the authors to propose that the entire region consists of an
unstructured hinge region (24). For the most part however, this region is not
particularly enriched for residues predicted to be disordered in comparison to
other domains of L (7). Moreover, for IND and NJ serotypes, this region is as
well conserved as the downstream methyltransferase domain (67% versus
66% identity). Nonetheless, the hinge hypothesis is in line with recent studies
with several NNS virus L proteins, including our own with VSV L,
demonstrating the presence of a hinge near the very end of the region, ~ 50
residues upstream of the methyltransferase domain (2, 8, 26, 28). The span of
this hinge region however was not determined in previous reports. As our
studies here showed that swapping of the entire “unstructured” region between
VSV serotypes inactivated the polymerase, it would seem unlikely that the

entire region functions purely as a hinge.

To shed additional light on the function of the “unstructured” domain, we
extended our previous approach using in-frame EGFP insertions as a probe
for hinge regions. All EGFP insertions spanning the “unstructured” domain
blocked polymerase activity, including one just 18 residues upstream of the
known hinge site and one 13 residues downstream of the presumed capping

domain boundary. These results provide further evidence that the bulk of the
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“unstructured” domain does not function as a hinge and that the span of the
hinge near the methyltransferase domain is restricted to a relatively small
region. These observations are also in agreement with a recent report showing
that insertion of small 10-residue linkers at various positions within this region
of the measles virus L protein also inactivates polymerase function (7). Given
this, it is somewhat puzzling that this region of the VSV L protein remained
invisible by EM analysis. However, this conclusion was based on two
constructs: one spanning the N-terminal 1114 residues and missing most of
the capping domain, and one containing the N-terminal 1593 residues that
included the capping domain as well as most of the downstream non-
conserved region. The shorter fragment produced a slightly more open ring
structure whereas the longer fragment generated the ring structure with the
first appendage globule. On the basis of these constructs, it remains formally
possible that the first globule closest to the core polymerase domain does in
fact correspond to the non-conserved region whereas the capping domain is
part of the ring structure. EM analysis of the N-terminal ~1310 residues where
the capping domain but not the variable region is included could provide key
information to confirm assignment of the first appendage globule to the

capping domain.

Interestingly, the inactive EGFP insert constructs accumulated
somewhat lower amounts of L protein than those harboring NJ region swaps,

especially for the construct with EGFP inserted at position 1522. This
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phenomenon could reflect a higher rate of turnover due to a defect in P protein
binding, which is known to stabilize L from degradation (3). However, which
region(s) of the VSV L protein is responsible for P binding is not entirely clear.
Rahme and colleagues reported that the N-terminal portion of VSV L ending
just upstream of the methyltransferase domain, and a C-terminal portion
containing the remainder of the protein, both show weak P binding, while
mixing of the two fragments fails to restore strong binding. In the case of
rabies virus, the C-terminal 566 residues of L retain most of the P binding
activity (5) while for paramyxovirus L proteins, the binding site(s) map to the N-
terminal 400 residues (4, 13). Our findings here suggest that the non-
conserved domain between the capping and methyltransferase domains may
also play a role in P binding, either directly or perhaps indirectly by facilitating

interactions between other domains of L.

In summary, the polymerase complex of NNS viruses is clearly a well-
integrated machine with appendage domains that must reposition themselves
to orchestrate the various steps involved in transcription and replication. Our
study here provides a novel approach for mapping dynamic sites of
interactions between individual L protein appendage domains and other
components of the VSV polymerase complex. The sequence divergence
between VSV IND and VSV NJ domains is sufficiently small to enable
relatively straightforward identification of precise sites of interactions by site-

directed mutagenesis.
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Figure 1. Schematic map showing conserved sequence blocks (I to VI) and assigned
functions in the VSV L protein. Amino acid positions of conserved blocks I-IV are as reported
by Poch et al., (1990), and blocks V and VI are as indicated by Li et al., (2005) and Bujnicki
and Rychlewski (2002), respectively. VSV NJ L protein segments incorporated in place of their
VSV IND L counterparts are abbreviated C, U, M, and T. The L protein of the two VSV

serotypes is 66% identical and numbering position of conserved and non-conserved regions is
identical.
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Figure 2. Comparison of VSV IND and VSV NJ amino acid sequences (GenBank
accession no. Q98776 and P16379, respectively) showing junction site positions (arrows) for
C, U, M, and T domain exchanges. Inferred domain sequences are boxed. The capping
enzyme and methyltranferase domain borders were derived from the sequence alignments in
Li et al., (2008) and Bujnicki and Rychlewski (2002), respectively. Alignments were based on
ClustalW with conventional designation of identical (*), conserved (;) and semi-conserved
residues (.). Consensus residues for the capping and methylttransferase enzymes are
indicated in bold.
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Figure 3. Minigenome assays measuring wild-type L transcription and replication
activity as a function of input wt L plasmid. The transcription blot was initially stained with
methylene blue to measure 18s RNA (middle panel). Transcription (upper épanel) and
replication (lower panel) RNA products were determined by Northern blot using °-P labeled
riboprobes. Transcription was measured by probing for the viral M transcript and replication
measured by probing for the negative-sense minigenome strand. Transcription values were
normalized with the 18s RNA values in this experiment. Activity is expressed as arbitrary
values with highest signal set at 100. Wild-type and mutant L proteins are HA-tagged at the N-
terminus and their cytoplasmic accumulation measured by Western blot (upper right) and
indicated by the arrow; lower band represents an undetermined cellular protein.
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Figure 4. Minigenome assays comparing polymerase activity of single domain
swapped L mutants to wild-type IND L protein. (A) Representative experiments showing
transcription and replication activity of IND L mutants containing domains swapped with NJ
counterparts: C-capping enzyme domain, U-unstructured domain, M-methyltransferase
domain, T-terminal domain at C-terminal end. The graph reports mutant activity versus wt L
for the representative experiments shown. All activities reported except for My, are <1% of
wild-type activity. n;-L (A-upper panel) represents the full NJ-L protein assayed using NJ-N
and NJ-P encoding plasmids. (B) Minigenome experiments analyzing the unstructured domain
(U) mutant as a function of its input L plasmid (top) or of input P plasmid (bottom). (C)
Minigenome experiments analyzing sub-region exchanges T1 (aa 1863-1959) and T2 (aa
1960-2109) over a limited range of input P plasmid. Transcription was measured by probing
for the viral M transcript and replication measured by probing for the negative-sense
minigenome strand. Wild-type and mutant L proteins are HA-tagged at the N-terminus.
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Figure 5. Minigenome assays comparing polymerase activity of domain combination
swaps to wild-type IND L protein. Representative experiments show transcription and
replication activity (upper sets of panels) and protein accumulations (bottom panels). The
graph reports average mutant activity vs. wt L for at least two independent experiments.
(MT)yy mutant transcription is an average of six independent experiments (13% + SD 5.3%)
and replication is an average of four independent experiments (67% * SD 8.7%) . All other
values are <1% of wt L activity. (MT2)y; mutant has an IND T1 region. All mutant L proteins
are HA-tagged at the N-terminus identically as wt L.
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Figure 6. Summary of polymerase activities of the single domain and combination
domain swap mutants by minigenome analysis. Schematic is a rendering of the low-resolution
structure of L as reported by Rahmeh et al. Boxes represent L appendage domains and
shaded boxes are VSV NJ serotype domains exchanged into a full IND L protein. “+” means
transcription and replication activity are similar to wild type L; “+” means high replication

activity and poor transcription activity.
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Figure 7. Effects of in-frame EGFP insertions within the “unstructured” domain of VSV
IND L protein on polymerase activity in the minigenome assay. Insertion at position 1595 was
shown previously to retain polymerase activity. Transcription blots and protein accumulation
were determined using the same sample extracts.
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DISSERTATION DISCUSSION

A highly flexible region just upstream of the methyltransferase domain
was discovered by insertion of EGFP in the measles (family Paramyxoviridae)
polymerase L protein (2). As a result, this region was proposed to function as
a hinge however it was unclear if this structural feature was unique to
measles. This dissertation study was initiated with the objective of determining
if a homologous region is also present in the L protein of the prototypic NNS
virus, VSV (Rhabdoviridae). The measles L protein is 74 amino acids longer
than VSV L (2109 aa). As a result sequence gaps produced imprecise region
borders between these proteins during alignment making it difficult to predict
with accuracy a homologous sequence in VSV L. By aligning equal length L
proteins from various VSV serotypes | observed a small variable stretch (~20
aa) positioned approximately the same distance upstream from the
methyltransferase domain as where EGFP was inserted in the measles L

protein.

My insertion of EGFP in this variable stretch of VSV L resulted in a
functional polymerase in minigenome assays indicating that a homologous
flexible region is indeed present in VSV L. The more tractable VSV system

allowed for a more in-depth analysis of this modified protein. Interestingly, the

79
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nearby dual-specificity methyltransferase domain did not show any negative
effects in response to the EGFP insert however RNA synthesis surprisingly did
show a temperature-sensitive (ts) effect. Transcription and replication in
minigenome assays was slightly less active for this mutant compared to wt L
at 33°C however total RNA synthesis was severely attenuated versus wt L at
37°C. In addition, a recombinant virus encoding this modified polymerase
(VSV-Lecrp) showed robust growth at 33°C but was growth attenuated at 37°C
and also failed to produce transcripts in vitro. The drastic effect on RNA
synthesis was unexpected since the polymerase domain is positioned nearly
800 amino acids upstream of the insert, although these structures could have
close contact in the protein tertiary structure. In light of recent findings in the
literature and additional studies | conducted below, a possible explanation for

the ts phenotype is proposed at the end of this section.

Large-scale recombination or deletion events are rarely observed in the
RNA genomes of the NNS viruses. Therefore it was not surprising that serial
passages of VSV-Leggrp did not produce revertants as autofluorescence and
temperature-sensitivity were continuously observed at each passage
demonstrating the genetic stability of the EGFP insert. Growth attenuation was
also reported for the recombinant measles Lggrp Virus and other
paramyxoviruses reported thereafter with the same polymerase modification
(1, 2, 5). The basis for the growth defect of these viruses has not been

determined. In light of my findings, it is possible these viruses also have a ts



81

phenotype for RNA synthesis. Determining this could be informative as the
authors propose that rationale attenuation of morbillivirues and other NNS
viruses by EGFP insertion in L can be used to produce live-attenuated
genetically-stable vaccines. Interestingly, alignments show Filoviridae L
proteins (Marburg and Ebola) may be more closely related to Rhabdoviridae L
than the Paramyxoviridae L proteins (unpublished). Thus it can be inferred that

a homologous hinge is likely present in the Filoviridae L protein as well.

Recently, electron microscopy studies have provided low-resolution
images of VSV L showing it consists of two dominant features, a polymerase
ring structure and an attached appendage consisting of three globules (4). The
first two globules of the appendage were determined to be, in order, the
capping and methyltransferase domains. Interestingly, the long variable region
between these domains where EGFP was inserted did not produce any visible
structure indicating it could be an unstructured or disordered domain. This
visual evidence of a lack of structure in this part of L supports the notion that a
flexible hinge is positioned here and further supports my findings and those of
the morbilliviruses studies. Curiously, expression of the P cofactor with L in the
EM studies resulted in significant restructuring of the appendage with the
globules no longer being visibly distinct from each other and the appendage
appearing as a loose flap over the polymerase ring structure. This observation
led the authors to propose the full length of the unstructured domain (>300 aa)

serves as a long hinge that facilitates domain restructuring in the appendage.
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Subsequently, when | swapped the unstructured domain between two closely
related VSV serotypes with 66% of the residues being identical it was
surprising that the chimeric L protein failed to synthesize any detectable RNA
(see below). This finding was not in agreement with the notion that the entire
unstructured domain serves as a hinge and alternatively suggested that at
least some part of it harbors a serotype-specific function critical for polymerase

activity.

To gain additional insight into the extent of the hinge in this part of the L
protein | inserted EGFP at other positions in the unstructured domain
upstream of the original insertion site (aa 1595). In each instance the L protein
failed to synthesize RNA including one construct that had EGFP inserted just
18 residues upstream of the original position. Cytoplasmic accumulation of the
1522 mutant was substantially lower than the other Leggp variants despite
increasing its input plasmid suggesting this mutant is structurally instable and
prone to higher turnover rates. These experiments showed that the degree of
structural tolerance exhibited by the hinge does not extend significantly
upstream of aa 1595 in VSV L. This demonstrates the hinge is limited to a
small region at the C-terminal end of the unstructured domain and provides
additional support that a function may be linked to the bulk of the unstructured
domain. Interestingly, closer scrutiny of the constructs used to designate
domains in the EM structure of L suggests an alternative possibility where the

capping domain is part of the ring structure and the long variable region (e.g.,
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“‘unstructured domain) instead comprises the first appendage globule. The
findings | report here invite reexamining the EM structures to confirm the L
region that correlates with the first appendage globule. Collectively, my
findings above support a structural model of the NNS L protein where a hinge
of limited length (~20-50 aa) is positioned just upstream of the
methyltransferase domain. These studies also show perturbation of this hinge,
despite its distant position from the polymerase domain, can have a major

impact on overall RNA synthesis.

| showed attenuation of Legrp polymerase activity occurred at
temperatures approaching 37°C however the basis of this defect was unclear.
Cytoplasmic accumulation of this mutant occurred in similar amounts at
permissive and nonpermissive temperature indicating protein instability was
not likely a contributing factor. It is possible this mutant misfolds at
nonpermissive temperature however in the absence of a high-resolution
structure of wild-type L this cannot be determined. The insertion of EGFP in a
hinge between two domains (e.g. capping and methyltransferase) thought to
interact with the polymerase domain makes it tempting to speculate the insert
interferes with a domain-domain interaction(s). The literature suggests domain
interactions occur in the L protein, at least during transcript synthesis, however
detailed information on these interactions and their impact on function remain

unknown. To probe if the EGFP insert interferes with L domain interactions |
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initially set out to characterize the interactive nature of domains adjacent to the

hinge.

The primary objective of the second half of this dissertation was to
determine if the four domains of the L appendage region (capping,
unstructured, methyltransferase, and terminal) function autonomously or in a
manner consistent with an interactive domain. A secondary objective was to
gather experimental evidence of any functional domain-domain interaction(s).
As discussed in the introduction of this dissertation, the intricacies of the NNS
L protein makes it challenging to investigate its domain interactions by
standard approaches. | therefore relied on generating chimeric L proteins to
gain information on the appendage domains. By individually exchanging the
four appendage domains with homologous counterparts from a closely related
VSV serotype | showed polymerase activity is critically dependent on the
sequence integrity of these regions. Only exchange of the methyltransferase
domain allowed the polymerase to remain functional indicating that it could
possibly function autonomously. However, swapping the methyltransferase
with a homologue counterpart from another NNS virus (Ebola) also resulted in
a nonfunctional protein showing that polymerase activity is also dependent,

perhaps more loosely, on the methyltransferase sequence.

Cytoplasmic accumulations of these chimeric L mutants were not
significantly lower than wt L and preliminary co-immunoprecipitation

experiments (not shown) indicated they bind to the P cofactor, although
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affinities between the chimeric L mutants and P as well as stochiometric ratios
in their complexed form are not known versus wt L. Nonetheless, it is
reasonable to conclude the heterotypic domain in these mutants fails to be
recognized by another part of L or the polymerase complex thereby abolishing
RNA synthesis. This interpretation reveals that, from the point of view of the
polymerase domain, these domains are not autonomous as polymerase
activity depends heavily on their sequence information and therefore suggests
interactions, by direct or indirect means, occur among these L domains. Of
note, it is not possible in these assays to determine if the function of the
individual domain such as capping or methylation activity also requires
interaction or instead acts autonomously since the nascent RNA substrate fails
to be synthesized and in NNS systems these functions do not act on
exogenous substrates. Therefore, while this study shows each of the
appendage domains behave in a manner consistent with an interactive

domain, this is reported specifically for RNA synthesis only.

Although substituting the NJ serotype terminal domain into IND L
rendered the protein inactive, co-exchange of the NJ terminal domain with the
adjacent NJ methyltransferase domain (MT mutant) partially restored RNA
synthesis. Co-exchange of a partial NJ terminal region (e.g. IND T1/NJ T2)
with the NJ methyltransferase yielded a nonfunctional polymerase indicating
activity necessitates the full NJ terminal domain together with the NJ

methyltransferase. These experiments show an intriguing case where overall
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protein activity is dependent on the homotypic coexistence of two structurally
distinct domains that are otherwise heterotypic to the rest of the protein. As a
result, it is difficult to envision a scenario where the rescue of activity here is
not the result of a functional linkage between the methyltransferase and
terminal domain. | interpret these findings as compelling evidence that these
two domains interact with each other and that in tandem they also interact with
another part L or the polymerase complex in a manner that is critical for
polymerase activity. To my knowledge, this is the first tangible evidence of a
specific and essential domain-domain interaction reported in the NNS L
protein. Based on the similar arrangements of conserved and nonconserved
blocks in NNS L proteins (3), it can be inferred that a homologous
methyltransferase-terminal domain interaction occurs in other NNS L proteins
as well. Presumably, all interactions are preserved in the context of a NJ
methyltransferase and an IND terminal domain as is the case in the highly
functional methyltransferase-swapped chimera. Moreover, it is possible the
Ebola methyltransferase failed to interact with the IND terminal domain
explaining, at least in part, the lack of activity for the Ebola methyltransferase-

swapped chimera.

Interestingly, the MT mutant showed an asymmetrical rescue of activity
as significant replication was recovered (avg. 67% wt activity) but only a low
level of transcription was restored (avg. 13% wt activity). It is possible

secondary interactions involving the NJ MT domain pair and other parts of the
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IND polymerase complex occur with higher efficiency in a replication
conformation than in a transcription conformation. It was logical to initially
hypothesize that suboptimal interactions between the NJ MT domain pair and
the nearby IND capping and/or IND unstructured domain was the primary
cause of reduced RNA synthesis in this mutant. However, chimera proteins
representing these NJ domain combinations (C/M/T, U/M/T, and C/U/M/T
exchanges) showed no polymerase activity indicating this is not the case.
Instead, reduced RNA synthesis by the MT mutant appears to be caused by
suboptimal interactions between the MT domain pair and other parts of L
and/or the polymerase complex. This possibility is intriguing since the hinge is
positioned where it could conceivably regulate interaction between the
downstream MT domain pair and the upstream polymerase ring structure. In
light of this finding, | propose the EGFP insert causes a block of this specific

interaction, and possibly other interactions yet to be identified as well.

The use of chimeric proteins in this study has provided telling
information about the interactive nature of domains in the L appendage region
and moreover identified an essential interaction between the
methyltransferase and terminal domain. While this approach cannot confirm a
direct physical interaction, it shows a functional linkage exists between the two
domains therefore providing compelling evidence that a physical interaction is
likely occurring. This approach also shows for the first time a polymerase

dependence on a homotypic capping and homotypic unstructured domain in
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the L protein. Although the basis of the homotypic requirement is not yet
known it may be worthwhile to swap smaller sub-sections of these domains in
an effort to gain insight into the homotypic requirement as well as to identify
the variable residue(s) or motifs responsible for it. In addition, small sub-
section swaps of those domains with unknown functions (e.g. unstructured
and terminal domain) may yield partially active polymerases that could then be

used to investigate the function of the manipulated domain.

In summary, this dissertation demonstrates that sequence information
in domains of the L appendage region has a critical impact on polymerase
activity and illustrates the need for a flexible hinge upstream of the
methyltransferase to be preserved in the NNS L protein. This dissertation also
provides the foundations for a model of structural fluidity and orchestrated

domain-domain interaction exhibited by the NNS L protein.
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