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ABSTRACT

There is a growing interest in applying tobacco agroinfiltration for recombinant protein production
in a plant based system. However, in such a system, the action of proteases might compromise
recombinant protein production. Protease sensitivity of model recombinant foot-and-mouth
disease (FMD) virus P1-polyprotein (P1) and VP1 (viral capsid protein 1) as well as E. coli glutathione
reductase (GOR) were investigated. Recombinant VP1 was more severely degraded when treated
with the serine protease trypsin than when treated with the cysteine protease papain. Cathepsin L-
and B-like as well as legumain proteolytic activities were elevated in agroinfiltrated tobacco tissues
and recombinant VP1 was degraded when incubated with such a protease-containing tobacco
extract. In silico analysis revealed potential protease cleavage sites within the P1, VP1 and GOR
sequences. The interaction modeling of the single VP1 protein with the proteases papain and
trypsin showed greater proximity to proteolytic active sites compared to modeling with the entire
P1-polyprotein fusion complex. Several plant transcripts with differential expression were detected
24 hr post-agroinfiltration when the RNA-seq technology was applied to identify changed protease
transcripts using the recently available tobacco draft genome. Three candidate genes were
identified coding for proteases which included the Responsive-to-Desiccation-21 (RD21) gene and
genes for coding vacuolar processing enzymes 1a (NbVPEla) and 1b (NbVPE1b). The data
demonstrates that the tested recombinant proteins are sensitive to protease action and
agroinfiltration induces the expression of potential proteases that can compromise recombinant
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protein production.

Introduction

In 2014, an experimental drug, called “ZMapp,” was
used to treat 2 medical workers who had contracted
the deadly Ebola virus. The unique characteristic of
ZMapp is that its constituents have been produced in
Nicotiana benthamiana plants." N. benthamiana is a
model plant species widely used for the transient
expression of proteins. Tobacco is sometimes com-
pared to the role that the white mouse has played in
mammalian studies.>” The N. benthamiana genome
sequence has further potential to be useful for gene
mining, construct design, and for the assessment of
target and non-target gene silencing.” A future pros-
pect is also applying RNA-Seq data to fully annotate
the tobacco genome and characterize the transcrip-
tome.” The large leaves of N. benthamiana and its

susceptibility to a variety of pathogens have been har-
nessed as a means to transiently express proteins,
using either engineered viruses or Agrobacterium
tumefaciens.® Due to a lower content of secondary
compounds interfering in the protein purification pro-
cess, N. benthamiana has been previously applied as a
model plant species for heterologous protein expres-
sion.” It has also been included as a tool in platforms
for the production of recombinant proteins for com-
parative analyses.®

Due to proteolysis caused by protease action, plant-
expressed recombinant proteins can possibly undergo
either complete or partial proteolytic degradation.”""
Such degradation can ultimately result in proteins
with altered biological activity or no protein produc-
tion at all.'>" The identification of such proteases
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involved, particularly in Nicotiana species, has there-
fore been the subject of several recent investigations.
The majority of protease families, which might com-
promise recombinant protein production in Nicotiana
species, belong to the aspartic and cysteine protease
(papain-like) families and, to a lesser extent, the serine
and metallo-protease families.'*'> There is further evi-
dence that such recombinant protein degradation
might occur during the extraction process ex vivo as a
result of proteases being released during the tissue dis-
ruption process.'® However, almost all protease fami-
lies have also been associated with plant senescence.'”
In Nicotiana species, the majority of these proteases
are of aspartic or cysteine-type and, to a lesser extent,
of serine and metallo-type.18 However, the N. ben-
thamiana leaf contains less protease activity than a N.
tabacum leaf and is therefore preferred for agroinfilta-
tion."” It has been recently reported that agroinfiltra-
tion can significantly alter the distribution of cysteine
(C1A) and aspartate (A1) protease along the leaf age
gradient in N. benthamiana. This was further related
to the level of proteolysis in whole-cell and apoplast
protein extracts.'” Improvements have been found for
various recombinant proteins when protease activity
was altered including: bovine serum albumin (BSA),
human serum immunoglobulins G (hIgGs), anti-HIV
antibodies (2F5) as well as human protease inhibitor,
ol-antitrypsin.'>*%?!
detailed information on whether induction of plant-

However, there is a lack of

derived proteases is among the host responses to agro-
infiltration.?? Therefore, the identification of proteases
induced by agroinfiltration might be a key step in the
improvement of recombinant protein production
when applying the agroinfiltration technique.

The purpose of this study was to investigate prote-
ase-sensitivity of various model recombinant proteins
with the aim to first establish any protease sensitivity
and secondly to identify possible proteases expressed
as a consequence of the agroinfiltration process. We
specifically hypothesized that cysteine proteases are
among these expressed proteases following agroinfil-
tration based on a previous finding in our group that
recombinant E. coli glutathione reductase (GOR) was
more stable in agroinfiltrated tobacco leaves engi-
neered with a rice cysteine protease inhibitor
(OC-1).* In our study, we determined the inherent
vulnerabilities of recombinant model proteins derived
from the foot-and-mouth disease virus (FMDYV)
which are the VP1 and P1-polyprotein (P1) as well as

Escherichia coli (E. coli)-derived glutathione reductase
(GOR) proteins toward proteolysis. We also applied
protein modeling to investigate how interacting resi-
dues within VP1 would interact with a cysteine and
serine protease (papain and trypsin) either individu-
ally or as part of a Pl-polyprotein to obtain more
information on VPI stability against protease action.
Finally by applying transcriptomic profiling using
RNA-Seq, N. benthamiana leaves were screened for
the transcription of proteases due to agroinfiltration.
We found that the recombinant model proteins used
were sensitive to cysteine and serine protease degrada-
tion and that expression of several types of proteases,
including cysteine proteases, increased due to the
agroinfiltration of tobacco leaves.

Results
Protease sensitivity of model recombinant proteins

Since VP1 was used in the study as one of the model
recombinant proteins, the VP1 protein (Fig. 1) was
first treated with either a cysteine (papain) or serine
(trypsin) protease to determine VP1 sensitivity to pro-
tease treatment (Fig. 2). Both proteases degraded VP1
when determined by SDS-PAGE analysis, but with
more severe VP1 degradation occurring when treated
with trypsin (Fig. 2b). Less degradation occurred
when either E64, a cysteine protease inhibitor, or
TLCK, a trypsin inhibitor, was added to the reaction
mixture (Fig. 2a, b). In order to also investigate the
influence of proteases ex planta, VP1 was further
treated using tobacco extracts with and without the
addition of a protease inhibitor (Fig. 3). VP1 band
intensity changed indicating possible protease action;
also, some smaller sized bands cross-reacted with the
His-antiserum possibly indicating some proteolytic
degradation products (Fig. 3a). Furthermore, a
tobacco extract containing a protease inhibitor
resulted in less VP1 degradation (Fig. 3b, c).

Protease cleavage sites

In a second step we investigated in vitro if model
recombinant proteins VP1, GOR as well as P1-
polyprotein (VP2 - 4) have proteolytic cleavage sites
(Table 1). Subsite nomenclature was assumed from a
model created by Schechter and Berger (1967, 1968)
where the amino acid residues in a substrate undergo-
ing proteolytic cleavage are designated P1, P2, P3, P4,



BIOENGINEERED (&) 3

A
pB+O1KP1-HT (P1)
His tag
RB HT LB
’L, 7— |VP-I VP2 VP3 VP1 I
) }
/ \ 01K 4 \
CaMYV 358 promoter / Nos Terminator
CPMYV RNA2 S'UTR CPMYV RNA2 3'UTR
B
pGK2 (GOR)
Prios promoter of the nopaline
T CaMV Terminator synthetase gene
RB LB

/

| I;IGOR

— |

Tnos terminator of the
nopaline synthetase gene

P35S CaMV 35S promoter

Figure 1. (A) Binary vector pB4+01KP1-HT harbouring the coding sequence O1K under control of a duplicated cauliflower mosaic viSSS-
rus 35S promoter and a t-nos terminator sequence and O1K consisting of fused VP1 - 4 coding sequences with VP1 fused to a 6xHis cod-
ing sequence (P1-polyprotein). (B) Schematic representation of GOR T-DNA used for agroinfiltration. Binary vector pGK2 (GOR)
harbouring the GOR gene. RB and LB refers to the right and left border, respectively. Nptll refers to the neomycin phosphotransferase

gene which confers kanamycin resistance.

etc., in the N-terminal direction from the cleaved
bond. VP1 was particularly susceptible to papain
cleavage with 3 papain amino acid sites (C*, H"?,
N'”°) involved in the interaction. When amino acid T
(threonine) was used in the P1 substrate position, 62
cleavage sites were found in the polyprotein (Table 1,
highlighted in yellow). Within the GOR sequence, 34
cleavage sites were found when amino acid G (glycine)
was used in the P1 substrate position (Table 1,
highlighted in yellow). Cleavages sites with amino
acid W (tryptophan) in the P1 substrate position

A

Papain

kDa M PC 1 2 3 4 5 6 7 8

40»

4VP1

Papain Papain + E64

were, however, not highly abundant in either the
P1-polyprotein or GOR sequences with only 3 and 2
sites, respectively, being present (Table 1, highlighted
in turquoise). Papain cleaves at TL*"” at the end of the
VP1 sequence as well as AE**° at the end of the VP3
sequence while cathepsin L cleaves at KE*'® at the end
of the VP2 sequence (Table 3.1, highlighted in gray).
Cathepsin H further cleaves VP1 at L*"> and at R*’® of
the GOR sequence (Table 1, highlighted in gray).
Cathepsin H cleavage sites, with K and L at the P1
substrate position, were further abundant for GOR

Trypsin
M PC 1 2 3 4 5 6 7 8
40»
25 4VP1
]\
1 !
Trypsin Trypsin + TLCK

Figure 2. SDS-PAGE analysis of VP1 susceptibility to papain (A) and trypsin (B). Samples were analyzed on a 12% SDS-polyacrylamide
gel. All sample lanes contain 44 g of VP1 treated with either papain or trypsin. Lanes 1 to 4 contain either papain (0.2 ng, 0.3 ug,
0.4 g and 0.5 wg) or trypsin (0.2 g, 0.3 g, 0.4 g and 0.5 1g). Lanes 5 to 8 contain VP1 treated with papain (0.2 g, 0.3 £g, 0.4 g
and 0.5 ng) together with the cysteine protease inhibitor E64 (1 M) or VP1 treated trypsin (0.2 g, 0.3 19, 0.4 ug and 0.5 ug respec-
tively) together with the serine protease inhibitor TLCK (40 mM). PC (44 wg purified VP1) represents the positive control and M repre-
sents a pre-stained protein ladder.
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Figure 3. Western blot analysis of VP1 susceptibility with Anti-His antiserum of exogenous VP1 incubated with N. benthamiana leaf
extracts with or without protease inhibitors. Lanes 1-4 represent 15 ng of VP1 treated with a tobacco extract (230 wg) with either no
protease inhibitor (A), a cysteine protease inhibitor E64 (100 M) (B) or a serine protease inhibitor TLCK (100 M) (C) added to Arakawa
extraction buffer. Lanes UN, GOR, LBA and MMA represent VP1 (15 1g) incubated with tobacco extract only, GOR agroinfiltrated extract,
LBA agroinfiltrated extract and MMA agroinfiltrated extract, respectively. Lane M represents a Pageruler pre-stained protein ladder. PC
represents VP1 positive control (60 g). PC1, PC2 and PC3 represent 15 g of VP1 incubated with Arakawa extraction buffer.

and VP1 sequences with 34 and 33 sites, respectively
(Table 1, highlighted in yellow). VP1 seems to be par-
ticular susceptible to cathepsin H cleavage with a total
of 61 potential cleavage sites (Table 1, highlighted in
yellow).

To further determine VP1 susceptibility to papain,
or trypsin action, ZDOCK protein modeling was then
applied between VP1 and the 2 proteases and the dis-
tances (in Angstroms) between interacting VP1 and
protease residues (VP1 cleavage site R* for papain
and VPI1 cleavage site R*® for trypsin) were deter-
mined. The distance in Angstroms (A) decreased
when VP1 was not modeled together with the addi-
tional capsid proteins (VP2, VP3 and VP4) indicating
higher VP1 sensitivity to protease action (Fig. 4, bot-
tom panels). In contrast, when all other binding sites
for VP2, VP3 and VP4 within the P1-polyprotein
were permitted in the interaction model with the pro-
tease, the distance increased with a weaker VP1-prote-
ase interaction and better stability of VP1 (Fig. 4, top
panels).

Transcriptome analysis of agroinfiltrated tobacco
leaves

Since we found no significant statistical differences in
proteolytic activities between experimental (LBA, P1,
GOR) and control (UN & MMA) groups when vari-
ous cysteine protease activities (cathepsin L and H,
legumain proteolytic activities) were measured with
fluorogenic substrates 24 hr post infection (pi)
(Fig. 5), possible expression of proteases due to agro-
infiltration was also investigated using RNA-seq

analysis. When a limit of at least 2-times higher prote-
ase expression in agroinfiltrated tissues based on
FPKM (fragments per kilobase of transcript per mil-
lion mapped reads) values was set, the most expressed
proteases were cysteine proteases (7 proteases) belong-
ing to 3 different cysteine protease families (C1, C13
and C14) (Fig. 6, Table 2) with most cysteine proteases
belonging to the C1 family of cysteine proteases (4
proteases). Further, other proteases expressed as a
consequence of agroinfiltration belonged to metallo-
proteases (2 proteases) in 2 families (M38 and M67),
aspartic proteases (2 proteases) in 2 families (A1l and
A22) and threonine proteases (1 protease) in 1 family
(T1) (Table 2). In comparison to all other proteases,
the cysteine protease RD21 (XM_009614860.1) was
the highest expressed cysteine protease. Agroinfiltra-
tion increased expression of this cysteine protease
about 4-times (Table 2). The protease most induced
was NbVPE-1b, a vacuolar processing enzyme,
belonging to the C13 cysteine protease family
(Table 2). This protease was expressed about 95-times
higher (based on FPKM-values) in agroinfiltrated
leaves than in non-infiltrated leaves. Such a high
expression was also found when tobacco leaves were
infiltrated with a construct to produce the P1-polypro-
tein (75-times) and with a construct for GOR produc-
tion (92-times). For all other identified proteases
belonging to different classes, expressions in non-
treated leaves were much lower compared to agroinfil-
tration-induced expression which was in the range of
2-30-times more. This increase was irrespective of
infiltration with Agrobacterium alone or with a con-
struct allowing P1-polyprotein or GOR expression.
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Table 1. In silico proteolytic cleavage site analysis for P1-polyprotein, VP1 and glutathione reductase (GOR) using primarily the P1 and
P2 substrate positions within amino acid sequences.

Protease
Cysteine protease

P1-polyprotein

GOR

Cleavage Preferential Cleavage

Papain (€ H'°, N'75)

VP1 chain - AR157, zoo’ LR67, 145' YR”Q,
TR114, 172, PR189, DR38, SR138, QRZGVP2
chain - TR™® **, MR'%2, PR'", DR"3,
ER®®VP3 chain — R%, R'%°, R?'?, R?'8,
PR** DR’?VP4 chain - none

VP1 chain - VK& 210, IK'®°, MK®", EK®S,
QK2**VP2 chain - FK, IK'%8, DK?,
SK2'7, QK'**VP3 chain — AK®* 118 TK®?,
PK20 134 SK™**V/P4 chain — SK”°

VP1 chain - IH'%, YH'%8, PH'3, SH*®,
QH?°VP2 chain — AH™, VH'"4 TH®®,
PH', DH®’VP3 chain — AH™", LH™®,
IH'**, TH'" VP4 chain - TH*®

VP1 chain - AE'®% VE'®, LE”?, TE'® %8,
PE®VP2 chain — AE*® >, VE'%8, LE"" 52
82 TE> "2, PE'?8 PE'®, EESVP3 chain —
AE*S. 146,176, 220, FES® 210’ ME"3'VP4
chain — none

VP1 chain — IN*, FN'®*, YN, TN'%, PN°"
143 DN, EN'7, QN*VP2 chain —

ANZOZ VN166, 190 |N149 FN1'I7 TNIS3, 207

PN*’VP3 chain — LN™%, IN'6, FN*',
TN* 172, SNBBYP4 chain — IN*, TN,
DN41, SN48, QN13, 32, 64

VP1 chain - AQ"*3, 1Q%, TQZ, PQ*VP2
chaln VQS7 |Q133 YQ139 TQZ7 PQ196,
DQ'7°VP3 chain - AQ” %6, vQ'®',
FQ'®, TQ'°VP4 chain - YQ31 TQ¥,
MQZS SQ12 QQZQ

VP1 chain — AS®®, FS74, YS'37, TS> 162 pS38,
ES’VP2 chain — V§*, T$2% 49 72 ps216,
DS’ %7, QS?VP3 chain — AS'"% 2%,
LS163, F5158, YS102, MSsO, 87, DS70VP4
chain — AS”3, IS*, FS® 77, 756, 556 74,
QSS 15

VP1 cham _AT128 171 VT12 43, 174 LT87 113
YT‘IZO -I—I—Z 13, 14, 102 PT‘IOS 161, 197 ST70
ET2> 18, QT*'2V/P2 chain - AT, VT
71, 110, L-I-16, 95, 141, 188’ |T159, VVT178, -|-|-8,
17, 23, 26, MT155, PTSS, 206’ STZS, ET7 S3VP3
chaln VT16 65 |T190 FT42 112, 156 YT99,
168, 170 -|-|-17 66, 178 PT53 115 DT149
ET'77VP4 chain - AT9 75560 , DT?6 >4,
STSZ 57

VP1 chain - AG®, VG, YG'® %6, EG®*VP2
chaln AGZ12 VG31 113, 164 FG76 YG35
92 SG45 50 EG193VP3 cham G93 206
G12 27 TG113 150 PGSQ 129 DG10 196
SG'3, E659 QG'™VP4 chain AG,
LGBQI FGB1, TGIO, 19, SG16, 45, 78, EG50

VP1 chain - YF73, SF** '53VP2 chain — LF®”
143, FF62, PF162, DF4Z, SF75, EFZM, QFHG,
47 \IP3 chain - VF*°, LF'®, IF?, TF>*
37 MF', DF?°, QF77VP4 chain — AF’S,
LF®, WFS8

VP1 chain — noneVP2 chain - PW'77VP3
chain - EW'¥VP4 chain - DW®’

VP1 chain — AY'%, VY3, LY'78, yY72 TY""
186 pY'1%yp2 chain — AY'%, vY?! 20,
LY"™8 Y34 SY?8 QY'"'VP3 chain -
AY125, VYZG, YY98’ TY169, PY63, 161, DY1 67’
QY7 1°'VP4 chain - YY?¢, QY*°

37,45 | p224, 478 127,
AR’ ™, LR , IR

218 WR97 SR1O9

252, 255, 324, 397, 452
VK

LK247 IK'I 00 YK357

TK‘IZO 296, 412 457

MK420 PK66 137 DKZZ‘I

310 SK212 361 EK102
AH35'I VH75 |H389 434, 467

YH408 MH8O PH151 164

DH82 SHSZ, 122, 374

AE! VESO 201 | 184, 239
|E124 141,394 FEsSS, ’

236, 384 £317, 386,
TE DE

442 77, 472  EE185 237,
428, 473 QES

AN425 LN111 301 FN95
WN71 YN365 TN233
PN294, DN462, EN240,
395, QN116

LQ™S Q36 FQIE2 319
des’ NiQ436, PQs'é,
5Q'¢7

2 172 1 143, 264
AS 0, 35, VS 08, 143, 26 g
5207 259 299 ISZS‘I

FSZ49 373 YS400 TS134
177, 214, 402 PSSQ 161

DSZZS 360 SS471 ESS'I

166

AT156 456 VT267 a1 LT119

339, 383 IT‘I76 FT‘I33 404

)
148 \17277 D139, 369,

YT°°, MT", PT

469 ST162 233, 401 QP

G16 196, 204, 242, 346 VGGZ
194, 330, 381, 432 LG43 55,
174, 210, 304, 439 IGZ7 290,
378 YGSG 392 TG'IS7
MG454 PG170 188, 271

DG'7%, §G3 144 260 !
G2 QG0 47, 446 '
AF'2 VP72 [P35 RS

D|é46°, SF’226, 403, EF78"

318

LW287 MW70

AY106 |Y1‘I4 327 TY399
MY407 DY23 85, 364
SY21 EY356

AR}, VR, LR, IR{, FR{,
WR{, YR, TR}, MR,
PR}, DRU, SR{, ER{,
QRJ

(A V, LI, F,W,
Y - hydrophobic amino
acids in P2 position)({ no
Val after cleavage sites)

AK, VK{, LK{, IK{,
FK{, WK{, YK{, TK{,
MK, PK{, DK,
SK{, EK, QK|

AHJ, VH{, LH{, H{,
FHY, WH, YH,
TH{, MH{, PH,
DHJ, SH{, EH,
QHl

AEY, VE, LE{, IE{, FEJ,
WEJ, YE, TEY,
MEJ, PE|, DE, SEJ,
EE{, QE{

ANJ, N{, LN, INY,
FNJ, WNJ, YN{,
TNJ, MN{, PN,
DN, SNJ, ENJ,
QnNy

AQJ,VvQJ, LQy, 1Qy,
FQJ, WQJ, YQy,
TQJ, MQJ, PQJ,
DQJ, SQJ, EQJ,
QQJ

AS{, VS, LS{, 1Sy, FS),
WS{, YS, TSY,
MSJ, PS}, DS}, SS{,
ES|, QS|

AT, VT, LT{, 1T, FT|,
WTJ, YTJ, TT,
MT|, PT}, DT}, ST|,
ET.QTY

AGJ,VGJ, LGJ, 1G],
FGJ, WG], YGJ,
TGJ, MG}, PG|,
DG, SGJ, EG|, QG|

AFJ,VF|,LF{,IF],FF{,
WE|, YF|, TF|, MF{,
PF|,DF|,SF|, EF],
QF)

AW, VW, LW, W,
FW], WW{, YW,
TWY, MW, PW],
DW, SW{, EW,
Qwy

AYL, VYL, LYY, 1YY,
FYL, WYJ, YY, TYY,
MY, PY], DYJ,
SYJ, EY], QY)

(Continued on next page)
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Table 1. (Continued)

Protease
Cysteine protease P1-polyprotein GOR Cleavage Preferential Cleavage
VP-I chaln AL98 117 VL126 151 LL66 177, AL209, 337] VL223, 246: LL286, AL\L, VL¢, LI—»L: ”_l” FL\L,
192 |L51 TL61 159, 213 PLHZ 191 DLSB 76, 338, ||_153, TLZSS, ML444, WLL, YLl,, TLL, ML\L,
86, 148 EL‘I76VP2 chaln LL‘IO 8‘I 122 IL‘IS DLZ%, SL‘I73, 215, 300, PLL, DL\L, SLL, EL\L,
TL9 142 179 PL187 SL94 EL83 129, 137 EL42, 186, 238' QL183 QL»L
QL™ovpP3 chain - AL™®, yL74202 LL45
FLSS 9‘I’ YL162, SL&‘I’ ELZH, QL37VP4
chain - AL%, LL*, QL*®
VP1 chain — LM®*, IM*VP2 chain - AM'%,  VM® 276419 | M216 EM7°,  AM, VM|, LM, IM{,
YM'®'VP3 chain - FM'"®, YM'%, DM”?, TM?’8, PM*96, SM#22 FM{, WM, YM{,
SM**VP4 chain - YM?’ 265, EM20% 443 T™], MM{, PM{,
DMJ, SM{, EM|,
QM|
Cathepsin L VP1 chain — KR8, KH®, KQ?%, KA®” 1% KK 146, 256 KR103, 413 KK{, KR, KH{, KEJ, o Generally the same as
170yP2 chain - KK3, KR'®*, KE2'8, KT*, KE'O 253, 358, 427 Ks”‘ KNJ, KQJ, KS{, KT{, papain with these
KG®® VP3 chain — KH®, KT 68135, KT 257, 398, 415, KGJ, KF), KW{, KY{, additional specificities
KF'%, KA %P4 chain - KL KG3™ 325 KFo* 2"8 KAL, KLL, KM, e [xceptions at the P2
KY', KA. 458 KLS“' position with respect
303,349, 362 KM453 to papain are EX,q,
VP1 chain — noneVP2 chain - WT'78vP3 WR, WN”", WA WK{, WR{, WH{, WE{, Qaar o Aaa
chain — noneVP4 chain — WF®® WNJ, WQJ, WS, where Cathepsin-L
WT|, WG, WF|, does not have speci-
WWJ, WY, WA, ficity for
WL}, WM
VP1 chain — HK'® 2°2, HES3, HT3 S0yp) HK>% 3%° HR32 HE'®*, HK{, HR{, HH{, HE{,
chain — HK®® 175, HQ146, HTZZ, HLSS 575, HA83 130, 409 HNY, HQJ, HS{,
80VP3 chain — HG'% HF'%°, HA'*, HM** HT|, HGJ, HF|,
HM®VP4 chain — HT>® HW|, HY|, HA|,
HL{, HM]
VP1 chain — FI**VP2 chain - HI'*®, §I'32, HI'23 152313 pi377 y|1%8 K| HI|, DI, SI}, P},
FI"VP3 chain — SI">*VP4 chain - SI*', VI %, ||126 L', FIL, WIL, YI4, VI, 1L,
”22 M|217 230 279 |_|J,, Mli«
VP1 chain — KV*% 3% DV32 py'T 209 Fy90 K68 222 282332 q\191 - Ky | HV |, DV, SV,
WV, [V2%, LV62VP2 chain — KV'73 199, py7s 341 W‘”7 W PV{, FV], WV, YV,
HV210, DV107, SV30, FV43, 163, va, VV56, 371, 431 |V193 315 LVZS VV¢, |V¢, LV¢, MV\L
181, LV123, 180, Mv126VP3 chain _ KV29, 475, MV266 422
DV47, 174, PVS 25, 215' WV184, YV64, szm,
LV'®, MV'?*VP4 chain - none
Cathepsin H VP-I chaln R26 27, 38, 67, 114, 124, 135, 138, 145, R3, 37, 38, 45, 97, 103, 109, 127, Rl«r Ki” Fi’ Wi” Li” Y»L
157,172, 179, 182, 189, 200 K41 81, 96, 109, 154, 189, 218, 224, 272, 291, 347,
169, 181, 202, 204, 210 F34 39, 73, 163 W88 352, 413, 478K53, 66, 67, 93,
L51 53, 61, 65, 66, 76, 86 98, 112, 115, 117 126, 100, 102, 120, 137, 145, 146,
144, 148, 151, 159, 176, 177, 191, 192, 213 Y]S 71, 212, 221, 247, 252, 255, 256,
72,107, 119, 130, 136, 165, 178, 186 296, 302, 310, 324, 335, 348,
VPZ cham R13 18, 54, 60, 77, 102, 135, 151, 357, 361, 390, 397, 412, 414,
167 KZ 3, 63, 88, 134, 172, 175, 198, 217 F42 61, 416, 420, 426, 429, 452,
62, 67 75, 116, 143, 147, 162, 214 69, 105 177 457F78, 87, 94, 132, 180, 181,
L9, 10, 15, 51, 66, 80, 81, 83, 94, 121, 122,129, 137, 226, 248, 318, 354, 372, 403,
140, 142, 179, 187: Y34, 36, 91, 98, 100, 138, 168, 447, 460,W70, 96, 287L24, 33,
171, 200 42, 54,110, 118, 153, 173,
VP3 chaln R34 40, 56, 72, 120, 212, 218 KZO, 183, 186, 206, 209, 215, 223,
28, 67, 84, 118, 134, 154, 193, 207 F3 30, 41, 54 238, 246, 258, 261, 273, 285,
57,77, 90, 109, 111, 155, 157, 187 209 W147 183' 286, 298, 300, 303, 337, 338,
L14 37, 44, 45, 55, 74, 81, 91, 94, 107, 151 162, 349, 353, 362, 382, 438, 444,
186, 199, 202, 211, 213 Y11 26, 63, 97, 98, 101, 474Y21, 23, 85, 106, 114, 147,
121, 125, 161, 167, 169 197, 327, 356, 364, 391, 399,
VP4 chaln K70 F68, 76, 80’ W67, L38, 71, 407
79, 83, 84 Y25 26, 30
Cathepsin B VP1 chain - RR”VP2 chain - noneVP3 RR*® RR| e Generally the same as

chain - noneVP4 chain — none

VP1 chain - RP'®°, HP'®5, NP'® TP* AP%,

VP57, 90, 142’ LPHS, 160VP2 chain _ KP”S,
NP1SO, GP46, FP144, 215, AP186, 195, 205,
VP'?7: 167 | P84 VP3 chain — DP'® 2,
EP132, NP32, TP136, GP”4, AP127, VPGZ,
IP%°, LP*3\/P4 chain — SP”

VP1 chain — GES, GG** %, GA®* '¢7,
GL®*VP2 chain - GR77, GHY, GE213
GN”4, 6593, GGHQ’ GP46, Gst, GY36’
GA'™* GL*'VP3 chain - GK'®* 2%7, GR*,

KP138 HP375 468 DP136
EPG, QPS P163 340, 405

GP™" Fp®8 AP0 VPSS
|P169,' 280, 368 LP1é7, 274"

MP'IE>0

GKO3 145,335 GR189. 272,
347 GH129 312 (630, 211,
57 =29, 32, 56, 158

GT’, GG

GPH GF87 180, 447

’

KP|,RP|, HP|,DP|,

EPJ, NP, QP|, SP|,
TPy, GP,FP|, WP,

YP, AP}, VP, IP|,
LPJ, MP}

GK|, GR{, GH{, GEJ,
GNJ, GQJ, GS,

GT{,GGJ, GP| GF{,

papain and Cathep-
sin-L with these addi-
tional specificities

e [xceptions at the P2
position with respect
to papain and
Cathepsin-L are PX,,.
where Cathepsin B
does not have speci-
ficity for

(Continued on next page)



Table 1. (Continued)
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Protease
Cysteine protease P1-polyprotein GOR Cleavage Preferential Cleavage
GT104, GG13, GP”4, GT104, GG13, GP”4, GY197, GA17, 44,171, 195. GWlu GY\L, GAi,
GY”, GL94, 151, GM130VP4 chain _ GN17, 455, GL33, 261, 382, 438, GLl,, GMJ,
GQ4, GS‘H, 20, 47, S‘I, GG46, GL79 GM159
VP1 chain — NQ¥, NT'®", NG®> 132 NP™™,  NK3°% %26 NN/ 366 NT’>  NKJ, NR{, NH{, NE{,
NY'® 165 NLVP2 chain - NR', 295,321, 463 W, NNJ, NQJ, NSJ, NT|,
NQ”S, N-I—48 19‘I, NGZO, 104, 118, NP150, NAI‘IZ, 241' NL118 NG\L, NPl, NF¢, NWl,,
NM'>* NY{, NAJ, NL}, NM|
VP3 chain - NQ*¢, NS'3, NT®, NP*?,
NL** 197VP4 chain — NE*°, NN** €3,
NQM, NS33, NT18, 62, NYZS, NA42
VP1 chain - RH?®!, RN'*°, RQ%, RT'*%, RK348 414 RH2'° RQ?, RK{, RH{, RE{, RNJ,
RGMG, RP190, RY136, RA183, RL”S, RSZZS, RG128, RA39, R110, RQ\L, RS»L: RTl,, RG\L,
RM'8VP2 chain — RE'*6, RN'®, RT'*?, 273,353 RP| RF}, RW{,RY{,
RFS!, RY'®8VP3 chain - RN, RF*, RAl, RL{, RM|
RY'?', RAZ'%, RL"3VP4 chain — none
Legumain VP1 chain - TN'%3VP2 chain — AN?%2, TN AN#25, TNZ33322 | 11300 AAN, ANY, TNY, LN Based on optimal sequences
207yp3 chain — TN** 7%, LN'>2vP4 for schistosome (C197,
chain - TN®! N197C) and human
legumains, and cruzain *
Serine protease
Trypsin VP1 chain _ K41, 81, 96, 109, 154, 169, 181, 202, K53, 66, 67, 93, 100, 102, 120, K»Lr R»L

(H57, D]OZ’ G193, S'I95) 204, 210’ RZG, 27, 38, 67, 114, 124, 135, 138, 145,
157,172,179, 182, 189, 200
B 2, 134, 172, 175, 19
VP2 chain - K* 3, 63, 88, 134, 172, 175, 198,
217 R13, 18, 54, 60, 77, 102, 135, 151, 167
’
VP3 chain — K20, 28, 67, 84, 118, 134, 154, 193,

207 R34, 40, 56, 72, 120, 212, 218
,
VP4 chain - K°

137, 145, 146, 212, 221, 247,
252, 255, 256, 296, 302, 310,
324, 335, 348, 357, 361, 390,
397, 412, 414, 416, 420, 426,
429, 452, 457, R3, 37, 38, 45,
97,103, 109, 127, 189, 218,
224, 272, 291, 347, 352, 413,
478

Amino acids are designated by the single-letter code
Cleavage sites are designated by arrows ()

Numbers appearing after amino acids refer to the position of potential cleavage

Highly abundant cleavage sites are highlighted in yellow
Highly scarce cleavage sites are highlighted in turquoise

Cleavage sites occurring at the end of a protein sequence are highlighted in gray

Protease reverse transcription quantitative real-time
PCR (RT-qPCR)

RT-qPCR was carried out to confirm the RNA-Seq
data. Three sequences coding for cysteine protease-
like proteins (RD21, NbVPE-la and NbVPE-1b)
were selected for confirmation. Significantly ele-
vated gene expression was found in all experimen-
tal groups (LBA, P1 and GOR) relative to the
control (UN), which was set at 1 (Fig. 7), in gen-
eral accordance with the RNA-Seq data as shown
by the line graphs of the 3 respective genes. There
were statistically significant differences (p < 0.05)
between the expression levels of the different genes
assayed for (RD21, NbVPE-la, NbVPE-la). The
highest fold increase due to agroinfiltration was
also found for, NbVPE-1b, comparable to the
RNA-Seq result. The discrepancy between the
RNAseq and RT-qPCR data for NbVPE-1b can be
accounted for by the reduced coverage within the
RNA-seq datasets compared to the RT-qPCR data.

Discussion

The effect of proteases on recombinant protein stabil-
ity in plant-based expression systems is a field of
growing interest. Results in this study have clearly
demonstrated that 3 selected recombinant proteins
(P1-polyprotein, VP1 and GOR) are sensitive to pro-
tease action. Such action has also been recently associ-
ated with lower antigenicity when heterologous
proteins were expressed in a plant host.'>*" Sensitivity
of VP1 against proteases was further confirmed when
treated with a protease-containing tobacco extract and
when in silico proteolytic site analysis was carried out.
In particular, cathepsin H-like cysteine proteases
might play a major role in VP1 degradation. Our
study also provided evidence that proteins, like VPI,
are less susceptible to protease degradation when part
of a polyprotein.”* Such greater VP1 stability and bet-
ter processing when expressed in tobacco as a
P1-polyprotein, has previously been found.* Less pro-
tease sensitivity was also identified in our protein
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A

Top panel

Bottom panel

|-

Top panel

Bottom panel

VP1 - Blue

VP2 - Turquoise
VP3 - Green

VP4 - Light Green

Papain & VP1 cleavage site - RS’

VP2 — VP4 (Unblocked)
R67 (Nitrogen) o 159 (Nitrogen) _ ZI.SZA
R67 Mitrogen) o N175 (Nitrogen) _ 20 284

VP2 — VP4 (Blocked)
R67 (Nitrogen) ¢ FJ159 (Nitrogen) _ 19_54_&

RS7 (itrogen) g N175 (Nitrogen) _ 18,124

VP2 — VP4 (Unblocked)

B 26 (Nitrogen) g F57 (Nitrogen) _ 19 294
R26 (Nitrogen) ¢ 102 (Nitrogen) _ 25,18.i

) R26 (Nitrogen) tq (G193 (Nitrogen) _ 10,734

R26 (Nitrogen) ¢4 G195 (Nitrogen) _ 14.15A

VP2 - VP4 (Blocked)
R26 (Nitrogen) o {57 (Nitrogen) _ 16,674
R26 (Nitrogen) 1o 102 (Nitrogen) _ 22 594
R26 (Nitrogen) o (G193 (Nitrogen) _ 9 47 &
il R26 (Nitrogen) 1o §195 (Nitrogen) _ 12,014

Figure 4. Protein docking model of single VP1 with papain and trypsin. (A) Docking model of VP1 (cleavage site - R%) and papain. (B) Dock-
ing model of VP1 (cleavage site - R%®) and trypsin. Unblocked means all other binding sites (capsid proteins VP2, VP3 and VP4) within the
P1-polyprotein were permitted in the interaction model. Blocked means all other binding sites (capsid proteins VP2, VP3 and VP4) within
the P1-polyprotein were blocked in the interaction model. Distances between interacting residues are given in Angstroms (A).

docking experiments when the distance between inter-
acting residues of VP1 and proteases increased as a
result of being part of a polyprotein.

Besides establishing protease sensitivity of model
recombinant proteins, sequencing of RNA (RNA-Seq)
was applied in our study as a powerful technique to
identify any possible proteases expressed during the

agroinfiltration process which might compromise
recombinant protein production. RNA-Seq was con-
ceived about 10 years ago and has become a preferred
technology for transcriptome and gene analysis with a
number of advantages.”®>” RNA-Seq is not dependent
on sequence knowledge being available a priori and
provides a direct measure of RNA abundance. The
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Figure 5. Protease activities of cathepsin L-like, cathepsin H-like and legumain-like in control (UN & MMA) and experimental groups
(LBA, P1 and GOR). (A) Cathepsin L-like activity, (B) cathepsin-H like activity, (C) legumain-like activity. The y-axis represents the mean
activities expressed as fluorescence units (dF) per min per ©g protein. Mean activities of 3 biological replicates are shown within bars.

Error bars indicate standard error of the mean (SEM).

technology, although powerful, still has the problem of
introducing a certain degree of bias due to the
sequencing of pooled samples. Rigorous post-sequenc-
ing bioinformatics data analysis, as done in our study,
is therefore required as well as a final validation of
determined gene expression via alternative methods

such as RT-qPCR (reverse transcription quantitative
real-time PCR). However, a problem faced in our
study, when working with tobacco, was mismatches
between gene identifiers and existing gene annotations
rendering the annotation process an arduous and
challenging task.
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Clan - CD, Family - C14

Clan - CD, Family - C13

Clan - CA, Family - C1
0 1

Clan - MP, Family - M67 —
Clan - MJ, Family - M38 n——

0 1

Clan AD, Family - A22 [N
Clan AA, Family - A1 [

0 1

Clan PB, Family - T1 I

0 1

Cysteine proteases

NDVPEla,
NBVPEIb
RD21
2 3 4 5
B Metalloproteases
2 3 4 5
B Aspartic proteases
2 3 4 5
B Threonine proteases
2 3 4 5

Number of proteases

Figure 6. Proteolytic class distribution bearing the clans and families of the 5 major classes of proteases in N. benthamiana from the
MEROPS database found in RNA-Seq datasets and number of protease(s) identified in various classes to be expressed at 2-times higher
based on FPKM values after agroinfiltration. Genes further validated by RT-gPCR (RD21 and NbVPE). Yellow — Cysteine proteases. Blue —
Metalloproteases. Green — Aspartic proteases. Maroon — Threonine proteases.

By performing RNA-seq analyses, we were able to
obtain a transcriptomic profile for proteases in opera-
tion during the early stages of agroinfiltration. Mem-
bers of the C1 and C13 cysteine protease families were
more expressed in agroinfiltrated leaves. This result
supports our original hypothesis that proteases and, in
particular, cysteine proteases are expressed during
agroinfiltration. This is consistent with previous find-
ings that C1 proteases are specifically up-regulated in
response to pathogenic microbes.'"”*® Studies have
also shown that C1 family RD21-like cysteine pro-
teases, XM_009614860.1 in our study, are important
components of plant immunity.”>*® These proteases
are also induced in senescing leaves in conjunction
with the induction of vacuolar processing enzymes
(VPEs).”’ Endogenous cysteine protease inhibitors
might further be possible interaction partners of
RD21-like proteases to prevent RD21 activity. Our
previous finding of better stability of a recombinant
protein (GOR) produced via agroinfiltration in
tobacco leaves engineered with the rice cysteine pro-
teases inhibitor OC-I supports the idea that RD21-like
proteases might have been inhibited by OC-I expres-
sion in a transgenic tobacco leaf resulting in better
GOR production.*?

A further C1 cysteine protease (ALP; XM_00959-
4290.1) with aleurain-like activity was found to be
expressed 4-times more. Plant aleurain, first isolated

from barley and localized in the vacuole, is an amino-
peptidase with a number of similarities to animal cathep-
sin H. These similarities include heterogeneity of charge
forms, position of the NH,-terminus of the mature pro-
tein, and a similar pH-activity profile.*> Several cleavage
sites were found in this study for cathepsin H-like pro-
teases in our model recombinant proteins possibly
compromising their stability. N. tabacum contains
cathepsin H-like proteases, such as NtCP-23 and NtCP1,
with higher expression during natural senescence.”>>**
The most prominent cysteine proteases induced in
our study by agroinfiltration were 2 VPEs (NbVPE-1a
& NbVPE-1b; AB181187.1 & AB181188.1). VPEs, so
far, have not been extensively investigated in the con-
text of degrading recombinant proteins. However, it is
already known that prolonged incubation of anti-HIV
antibodies 2F5 with high amounts of a VPE results in
the formation of a 30-kDa degradation product impli-
cating the involvement of VPEs in the degradation of
this antibody.?' Such degradation might also be rele-
vant for VP1 degradation in our study. VPE cleavage
sites were identified in in silico cleavage analyses of
VP1 and P1-polyprotein as well as that of GOR. Vege-
tative-type VPEs are generally expressed during senes-
cence or the pathogen-induced hypersensitive
response (HR).>> VPEs belong to the CD clan of cyste-
ine proteases and within the clade they form part of
the C13 family.’® VPEs contribute to the senescence
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Figure 7. Fold change and FPKM of gene expression of RD21 (black bars), NbVPE1a (gray bars) and NbVPE1a (canvas bars) in LBA, P1
and GOR experimental groups normalized to reference genes and relative to untreated control (UN) set at 1. Fold changes are repre-
sented on left y-axis as log 10 and samples are represented on x-axis. Error bars indicate standard error of mean (SEM) across 3 biologi-
cal replicates. FPKM values of RD21 (black line), NbVPE1a (gray line) and NbVPE1b (canvas line) are represented on the right y-axis. ‘r’
refers to the Pearson correlation coefficient between RNA-seq and RT-gPCR gene expression measurements. Statistically significant dif-
ferences between gene expression levels (RD21, NbVPE1a and NbVPE1a) in treatments (LBA, P1 and GOR) compared to control (UN)
were determined by 2-factor ANOVA with replication (p-value< 0.001) and Bonferroni corrected post-hoc t-tests (p-value < 0.05) are

represented as asterisks above graphs (¥).

process and PCD (programmed cell death) by partici-
pating in the collapse of the vacuole membrane with
the release of proteases into the cell.”” VPEs are aspar-
aginyl endopeptidases cleaving peptide bonds on the
C-terminal side of asparagine (Asn) and aspartic
(Asp) residues of pro-protein precursors to generate
mature proteins.’® They occur along the secretory
pathway and are located in the vacuole, except for a
single cell wall specific VPE.">** Although VPEs have
caspase-1 activity, they are structurally unrelated to
caspases. Plants have evolved their own unique alter-
native regulated cellular suicide strategy that differs
from animals with VPEs located in the vacuole as
opposed to the cytosol.*’

In our study, other possible protease candidates were
also identified which might compromise recombinant
protein production. This included the C1 cysteine pro-
teases XM_009798142.1, a xylem cysteine peptidase 2
(XCP2) as well XM_009772991.1, a xylem bark cysteine
peptidase 3 (XBCP3). Both proteases are involved in
various cellular proteolytic processes. Their expression
and induction was, however, not comparable to
XM_009614860.1 (RD21) and any importance of these
2 proteases in recombinant protein degradation has yet
to be determined. Also the expression of a metacaspase-
1 (XM_009795875.1), involved in apoptosis, was

identified in our study, as well as various aspartic, threo-
nine and metallo-proteases. Serine and metallo-pro-
teases have been already found in extracellular root and
plant cell culture media. Lallemand et al. (2015) recently
proposed that they are prime candidates in compromis-
ing protein stability. Since serine- or metallo-proteases
were not strongly expressed in our study following agro-
infiltration, their importance in compromising recom-
binant protein stability requires more detailed
investigation.

Overall, our study has provided a more detailed
insight of protease sensitivity of recombinant proteins,
in particular, against cysteine proteases. Through,
transcriptomic profiling and gene expression analysis,
further evidence was provided that several cysteine
proteases including proteases with RD21-like and
aleurain-like activity as well as VPEs are upregulated
during the early stages of agroinfiltration and might
compromise recombinant protein production. How-
ever, the identified proteases still require more detailed
analyses to confirm their direct involvement in recom-
binant protein degradation. Ultimately, characteriza-
tion of identified proteases might also contribute
toward establishing a protease library to be screened
before any recombinant protein production is envis-
aged via agroinfiltration.



Methods
Plant material and growth conditions

N. benthamiana seeds were obtained from Dr. Ereck
Chakauya (CSIR, Pretoria, South Africa) and were ger-
minated in plastic trays in germination mix. Seedlings
were grown at a 12/12 hours light/dark cycle with a day/
night temperature of 26°C/20°C and 80% (v/v) relative
humidity in a growth chamber (Sanyo, Bensenville,
USA). Plants were grown for 12 weeks in order to obtain
fully expanded leaves suitable for agroinfiltration.

VP1 expression and purification

Recombinant N-terminal His-tagged VP1 was
expressed in E. coli M15 cells with bacteria grown in
LB medium containing 100 ug mL™" ampicillin, at
37°C up to a cell mass of 0.5 (ODgg).*! Expression
was induced with 1 mM IPTG for 5 h at 37°C and cells
were harvested by centrifugation and stored at —20°C
until use. All purification procedures were carried out
as previously described with a purification column

(Bio-Rad, CA, USA) and elution with imidazole.*?

Protein extraction

Whole leaf proteins were extracted in ice-cold Ara-
kawa buffer containing 10 mM L-cysteine, 200 mM
Tris-HCI, pH 8.0, 100 mM NaCl, 400 mM Sucrose,
10 mM EDTA, 14 mM 2-Mercaptoethanol, 0.05%
Tween-20.* Total soluble protein (TSP) amount was
determined with a commercial protein determination
kit and standardized across samples within experi-
ments (Bio-Rad, Hercules, CA).

VP1 treatment

Varying amounts (0.5, 0.4, 0.3, and 0.2 ug) of either the
cysteine protease, papain (Sigma-Aldrich, Germany) or
the serine protease, trypsin (Sigma-Aldrich, Germany)
were added to 44 g of purified VP1 protein in 20 uL
sodium phosphate buffer (pH 6.0) and incubated for
5 min at 37°C. Tobacco extracts (230 g total protein)
were added to 15 ug of purified VP1 protein and incu-
bated first for 2 hr at 25°C and then for 2 hr at 37°C.

SDS-PAGE and immunoblotting

Protein samples were boiled at 95°C for 5 min in a
4x SDS-containing reducing sample buffer. VP1 sta-
bility against proteases was fractionated on a 15%

BIOENGINEERED 13

SDS-PAGE gel under reducing conditions with a
Mini-PROTEAN® Electrophoresis System (Bio-Rad,
Hercules, CA).** Western-blotting was carried out
with a 0.45 um Nitrocellulose membrane (Bio-Rad,
Hercules, CA) and a Mini-Trans-Blot electrophoretic
transfer cell for protein transfer (Bio-Rad, Hercules,
CA) at a constant current of 300 mA for 3 hr. For blot-
ting, membranes were blocked overnight in 5% (w/v)
skim milk solution in TBST buffer containing
100 mM Tris, 154 mM NacCl, 0.1% Tween-20, pH 7.5.
Incubation with the primary antibody (1:7000 dilution
of the His-antiserum raised in rabbit) was done over-
night in a 5% (w/v) skim milk-TBST solution. Incuba-
tion with the secondary antibody (1:10000 dilution of
goat anti-rabbit IgG conjugated with alkaline phos-
phatase; AbD Serotec, UK) was then done for 1 hr.
Membranes were finally developed with the AP (Alka-
line Phosphatase) Conjugate Substrate Kit as
described in the manufacturers protocol (Bio-Rad,
Hercules, CA).

Protease activity measurement

Total soluble protein (TSP) from foliar extracts (36 g)
were used for measuring cathepsin L-like protease activ-
ity in a 50 mM sodium phosphate buffer, pH 6.0
(Sigma-Aldrich, Germany) containing 10 mM L-cyste-
ine (Sigma-Aldrich, Germany) and cathepsin H-like
protease activity in a 50 mM Tris buffer (pH 6.0).
Extracts were mixed and transferred into black, flat-bot-
tom polysorp 96 well plates (Nunc, AEC Amersham)
for measuring fluorescence. Before measuring fluores-
cence, 8 uM of the substrate Z-Phe-Arg-7-amido-4-
methylcoumarin  hydrochloride ~ (Z-Phe-Arg-MCA,
Sigma-Aldrich, Germany) for cathepsin L-like activity,
or Arginine-7-amido-4-methylcoumarin hydrochloride
(Arg-NMec HCI, Sigma-Aldrich, Germany) for cathep-
sin H-like activity, was added in a final volume of
100 pL. Activity was measured kinetically over a
10 min time period with 20 seconds (sec) of shaking
before the first cycle. Fluorescence development was
measured with a fluorometer (BMG FluoStar Galaxy,
Germany) at 25°C with excitation and emission wave-
lengths of 360 nm and 450 nm, respectively. Legumain
activity in TSP (36 png) was measured in a legumain
assay buffer, pH 5.8, containing 1 mM DTT, 39.5 mM
citric acid, 121 mM Na,HPO,, 1 mM Na,EDTA, 0.01%
CHAPS (Sigma-Aldrich, Germany). Extracts were
mixed and prepared as described above and protease
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activity was measured fluorometrically after addition of
1 mM of substrate Z-Ala-Ala-Asn-AMC (Z-AAN-
AMC, Bachem, Germany) as described above for
cathepsin L and H activity. A broad spectrum commer-
cial inhibitor N-[N-(L-3-transcarboxyirane-2-carbonyl)-
L-Leucyl]-agmatine (E-64, Sigma-Aldrich, Germany) or
10 uM. purified oryzacystatin-I (OCI) (Department of
Plant Sciences, University of Pretoria, South Africa) was
used to inhibit cathepsin L-like and legumain protease
activity. A commercial inhibitor N-a-tosyl-l-lysine
chloromethyl ketone hydrochloride (TLCK, Sigma-
Aldrich, Germany) was used to inhibit cathepsin H-like
protease activity at 20 M.

In silico proteolytic cleavage analyses

Proteolytic cleavage assays were conducted in silico with
CLC Main Workbench 6.6.1 (http://www.clcbio.com)
based on various proteases substrate specificities and
the Schechter and Berger (1967, 1968) subsite nomen-
clature.*** Protein structures and amino acid sequen-
ces were obtained from the RCSB Protein Data Bank
(PDB) (www.rcsb.org).” Structures obtained were: P1
- PDB ID: 1FOD,”! GOR - PDB ID: 3GRS,** Papain —
PDB ID: 9PAP*® and Trypsin - PDB ID: 1UTN.**
Substrate specificity profiling was determined using
guidelines as previously described.*” Protein modeling
was conducted between VP1 and papain as well as
trypsin, by applying ZDOCK (http://zdock.
umassmed.edu/).>>° Both the unblocked and blocked
settings were used on binding sites within the other
Pl-polyprotein chains (VP2, VP3 and VP4) when
conducting the modeling. Blocking binding sites in
the other chains were conducted to simulate an inter-
action with only VP1 and the respective proteases.
Models were visualized in 3D-Mol Viewer (a compo-
nent of Vector NTI 9.1.0, Invitrogen) and distances
between interacting residues were measured using the
measure distance tool. The setting structure was used
as the color theme. VP2 - 4 were hidden from selec-
tions to highlight the interaction between VP1 and the
protease. Distances were measured in the measure dis-
tance mode in Angstroms (A) between defined mole-
cules in amino acids.

Agroinfiltration

Syringe agroinfiltration was used to infiltrate the
tobacco leaf surface.” Cultures were maintained in
lysogeny broth (LB) medium supplemented with

50 ug mL~" kanamycin and 50 ug mL™" rifampicin.
For agroinfiltration, bacteria were grown to the stable
phase at 28°C to an ODgg of 1 and collected by cen-
trifugation at 4000g. Bacterial pellets were re-sus-
pended in MMA medium (10 mM 2-[N-morpholino]
ethanesulfonic acid] (MES) buffer, pH 5.6, containing
100 M acetosyringone and 10 mM MgCl,. For RNA-
seq (RNA sequencing) analyses, the first fully-
expanded leaves of the upper 4 individual leaves were
infiltrated as previously described using a needle-less
syringe with the vector pB+O1KP1-HT (gift from
Prof George Lommonossoff; John Innes Center, Nor-
wich, UK) containing the P1-polyprotein (P1) coding
sequence (Fig. la) or with the pGK2 construct
(Fig. 1b) containing the glutathione reductase (GOR)
coding sequence.”"” Leaves were also agroinfiltrated
with A. tumefaciens strain LBA4404 (LBA) alone.
Uninfiltrated leaf material (UN) and infiltration with
MMA medium were applied as negative controls to
avoid confounding effects due to experimental condi-
tions. Infiltrated plants were kept in a growth cabinet
(Sanyo, Bensenville, USA) for 24 h. Three biological
(plant) replicates were used for each treatment allow-
ing for statistical treatment of data. Plants were kept
in an environmentally controlled growth room and
watered daily. Four leaves per plant were harvested
after 24 h, as source material for subsequent protein
and RNA extraction. Leaf samples were frozen imme-
diately in liquid nitrogen and stored at —80°C until
protein or RNA extraction was carried out.

RNA extraction

RNA extraction on leaf tissue samples was carried out
with the Trizol method by employing macro-dissection.””
Ribolock (Thermo Fisher Scientific, Waltham, MA USA)
was added to the final volume of RNA in a ratio of 1:10
(v/v). On-column DNase (Thermo Fisher Scientific, Wal-
tham, MA USA) digests were performed with the Qiagen
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA
samples were initially analyzed on a full-spectrum spec-
trophotometer Nanodrop® ND-1000 (Thermo Fisher
Scientific, Waltham, MA USA) and subsequently sent for
RNA quality analyses on the Experion™ Automated
Electrophoresis System (Bio-Rad, CA, USA). After quan-
tification, RNA samples from each sample were equiva-
lently pooled for RNA-seq analyses. Biological replicates
for each group were kept separate for RT-qPCR (reverse
transcription quantitative real-time PCR) analyses.
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RNA-seq and mapping

A transcriptomic library was constructed from paired
end reads of ~90 bp in size which were generated from
the HiSeq 2000 sequencing system (Illumina” sequenc-
ing, San Diego, USA) at the Beijing Genomics Institute
(BGI Tech Solutions Co., Ltd, Hong Kong, China). Gal-
axy (Department of Bioinformatics, University of Pre-
toria), a platform for working with sequencing data,
was applied to visualize, interpret, and conduct further
analyses on the data generated.”®° As part of the filter-
ing process, reads with adaptors, unknown nucleotides
larger than 5% and with low quality (more than 20% of
the bases’ qualities are less than 10 in a read) were
removed (BGI Tech Solutions Co., Ltd, Hong Kong,
China). The FastQC tool was applied to perform QC
checks on the data (Supplementary Fig. 1). The FastQ
groomer was then used to convert the data into a for-
The
draft assembly of the N. benthamiana genome was

mat amenable for subsequent interpretation.®'

applied as a reference genome.>*** With TopHat2
RNA-Seq reads were aligned to the tobacco genome
available from the Solanaceae Genomics Network
(SGN) at url (ftp://ftp.solgenomics.net/genomes/Nico
tiana_benthamiana/).*** Tophat2 was carried out
with a mean inner distance between mate pairs of 120
and a standard deviation of 30.

Transcript abundances and gene annotation

Cufflinks was applied performing bias correction and
in default mode for all other parameters to assemble
transcripts and estimate abundances.”> High-confi-
dence transcripts were obtained from identified tran-
scripts (i.e., transcripts with FPKM value in the case of
cufflinks > 0) by filtering for a FPKM 95 % confidence
interval lower boundary greater than zero and FPKM
value > 0.001. With MEROPS, Sol Genomics
Network (http://solgenomics.net/organism/Nicotiana_
benthamiana/genome), and TAIR databases, proteases
were mined from data sets.>>°>°®%” Blast analyses
against the draft genome of N. benthamiana were con-
ducted with the BLASTN tool.>>** Tracking IDs were
obtained for transcripts of interest and applying the
Logl0 of FPKM expression data values and transcript
abundances were established.”® Gene annotation was
conducted using Blast2GO, TAIR as well as NCBI

databases.®”%70
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RT-qPCR analyses

mRNA transcripts for 3 proteolytic candidate pro-
teases (RD21, NbVPEla and NbVPE1b) were assayed
by RT-qPCR with a Bio-Rad CFX C1000™ Real-
Time PCR Detection System (Bio-Rad, CA, USA).
cDNA synthesis was done with the Promega
GoScriptTM Reverse Transcription System (Madison,
Wisconsin, USA). RT-qPCR assays were carried out
in accordance with the MIQE guidelines and opti-
mized for annealing temperature and primer effi-
ciency.”' Reactions contained 10 uM forward and
reverse primer and 2.5 uL of cDNA template. Supple-
mentary Table 1 provides information of primer sets
used. No-template mixture controls were included in
each 96-well plate. Thermocycling parameters
included initial denaturation at 95°C for 3 min; 39
cycles of denaturation at 95°C for 10 sec, annealing
and extension at the abovementioned ranges for 30
sec, denaturation at 95°C for 10 sec. Melt curve analy-
ses were performed thereafter from 65°C to 95°C with
0.5 increments. Fold changes in gene expression were
determined with the Livak method.”” For comparative
purposes, relative gene expression was defined with
the value of 1 in control plants.

Statistical analysis

Statistically significant changes in gene expression
between control and experimental groups were deter-
mined using ANOVA: single/2-factor with replication
(p-value < 0.05) applying Microsoft Excel software
2010 version 14 (Microsoft Corporation). Bonferroni
corrected post-hoc t-tests (p-value < 0.05) were subse-
quently performed.
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