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The genome of the downy mildew pathogen Hyaloperono-
spora arabidopsidis encodes necrosis and ethylene-inducing
peptide 1 (Nepl)-like proteins (NLP). Although NLP are
widely distributed in eukaryotic and prokaryotic plant
pathogens, it was surprising to find these proteins in the
obligate biotrophic oomycete H. arabidopsidis. Therefore,
we analyzed the H. arabidopsidis NLP (HaNLP) family and
identified 12 HaNLP genes and 15 pseudogenes. Most of
the 27 genes form an H. arabidopsidis—specific cluster when
compared with other oomycete NLP genes, suggesting this
class of effectors has recently expanded in H. arabidopsidis.
HaNLP transcripts were mainly detected during early infec-
tion stages. Agrobacterium tumefaciens—mediated transient
expression and infiltration of recombinant NLP into tobacco
and Arabidopsis leaves revealed that all HaNLP tested are
noncytotoxic proteins. Even HaNLP3, which is most similar
to necrosis-inducing NLP proteins of other oomycetes and
which contains all amino acids that are critical for necrosis-
inducing activity, did not induce necrosis. Chimeras con-
structed between HaNLP3 and the necrosis-inducing Psoj-
NIP protein demonstrated that most of the HaNLP3 protein
is functionally equivalent to PsojNIP, except for an exposed
domain that prevents necrosis induction. The early expres-
sion and species-specific expansion of the HaNLP genes is
suggestive of an alternative function of noncytolytic NLP
proteins during biotrophic infection of plants.

Oomycetes form a unique branch of eukaryotic microorgan-
isms and comprise a number of economically important and
destructive plant pathogens, including the downy mildews and
species of the genus Phytophthora. Parasitic lifestyles of these
plant pathogens are very diverse, ranging from necrotrophic
(feeding on killed plant tissue) to obligate biotrophic (requiring
living host tissue for growth and reproduction) (Agrios 2005).

The downy mildew Hyaloperonospora arabidopsidis is an
obligate biotrophic pathogen of the model plant Arabidopsis

Nucleotide sequence data for the HaNLP genes are available in the Gen-
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thaliana. After tissue penetration, H. arabidopsidis forms inter-
cellular hyphae, from which haustoria (specialized feeding
structures) develop in almost every adjacent plant cell. Haus-
toria breach through the plant cell wall but remain separated
from the host cytoplasm by extrahaustorial membranes, which
are extensions of the plant plasma membrane (Koch and
Slusarenko 1990). The intimate interaction between biotrophs
and their hosts is influenced by secreted pathogen effector
molecules that can be targeted to the plant cell apoplast or
translocated into the host cell (Allen et al. 2008; Cabral et al.
2011; Seidl et al. 2011; Sohn et al. 2007). As obligate biotro-
phic pathogens need living host cells for growth and reproduc-
tion, effectors act by modulating plant processes, e.g., sup-
pressing plant defense, without getting recognized or detected
by the host’s surveillance mechanisms. Pathogen recognition is
often associated with host cell death, which is detrimental for
completion of the life cycle of biotrophic pathogens (Botella et
al. 1998; McDowell et al. 1998; Parker et al. 1997; an der
Biezen et al. 2002).

Recently, analysis of the H. arabidopsidis genome revealed
it encodes >800 secreted proteins, many of which are proposed
to play a role in the infection process (Seidl et al. 2011). An
important family of secreted proteins in H. arabidopsidis and
other oomycetes is composed of the necrosis and ethylene-
inducing peptide 1 (Nepl)-like proteins (NLP) (Baxter et al.
2010; Haas et al. 2009; Tyler et al. 2006). NLP that induce
necrosis have been found in many plant pathogens (bacteria,
fungi, and oomycetes) (Bailey 1995; Fellbrich et al. 2002;
Garcia et al. 2007; Kanneganti et al. 2006; Mattinen et al.
2004; Motteram et al. 2009; Qutob et al. 2002; Veit et al.
2001). Comparative genome analysis among the fully se-
quenced genomes of the oomycetes Phytophthora sojae, P.
ramorum, P. infestans, and Hyaloperonospora arabidopsidis
and the fungi Mycosphaerella graminicola, Magnoporthe
grisea, and Fusarium graminearum, revealed that the NLP
family in oomycetes is more expanded than in fungal patho-
gens (Baxter et al. 2010; Cuomo et al. 2007; Dean et al.
2005; Haas et al. 2009; Motteram et al. 2009; Seidl et al.
2011; Tyler et al. 2006). Despite their diverse phylogenetic
distribution, NLP share a conserved domain referred to as the
NPP1 domain (Fellbrich et al. 2002). A hallmark of the NPP1
domain is a conserved heptapeptide motif “GHRHDWE” in
the central region of the protein and the presence of either
two or four conserved cysteine residues, which characterize
the domain as Type 1 or Type 2, respectively (Gijzen and
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Nurnberger 2006). So far, all oomycete NLP harbor a Type 1
domain, while NLP of bacteria and fungi either have a Type
1 domain, a Type 2 domain, or both.

NLP from different pathogens have been shown to induce
tissue necrosis in dicotyledonous plants (Bailey 1995; Fellbrich
et al. 2002; Garcia et al. 2007; Kanneganti et al. 2006; Mattinen
et al. 2004; Motteram et al. 2009; Qutob et al. 2002, 2006; Veit
et al. 2001). Recently, the crystal structure of an NLP of Pythium
aphanidermatum (NLPpy,) revealed that this protein has
structural similarities to actinoporins, which are pore-forming
toxins from marine organisms (Ottmann et al. 2009). NLP are
cytolytic toxins that induce necrosis through a permeabiliza-
tion of the plasma membrane. Although the molecular mecha-
nism by which these proteins cause membrane permeabiliza-
tion and, thus, necrosis has not been elucidated, some structural
and spatial features of NLP proteins have been identified that
are required for their cytolytic activity (Fellbrich et al. 2002;
Ottmann et al. 2009; Veit et al. 2001). For instance, the necrosis-
inducing activity of NLP requires an intact protein (significantly
truncated versions are inactive) and is dependent on targeting
of the protein to the extracellular side of the plant plasma
membrane (Fellbrich et al. 2002; Qutob et al. 2006). Further-
more, the necrosis-inducing activity of NLP requires the cor-
rect formation of a putative binding pocket and coordinative
binding of a Ca®* ion (Ottmann et al. 2009). A positive role of
NLP proteins in phytopathogenicity has been shown for necro-
trophic fungal and bacterial pathogens (Amsellem et al. 2002;
Mattinen et al. 2004; Ottmann et al. 2009). For the hemibiotro-
phic pathogens P. sojae and P. infestans, expression of the ne-
crosis-inducing proteins PsojNIP and PiNPP1 was detected at
the infection stages coinciding with the transition from biotro-
phy to necrotrophy (Kanneganti et al. 2006; Qutob et al. 2002).
It was proposed that the expression of these proteins might
facilitate the colonization of host tissues during the necrotrophic
phase.

Recently, mining the genome of H. arabidopsidis identified
ten genes belonging to the NLP family (Baxter et al. 2010).
Here, we describe the entire HaNLP gene family, including
duplicated gene copies and a large number of pseudogenes.
Most HaNLP genes showed induced expression at early stages
of infection. Strikingly, none of the HaNLP proteins was able
to induce necrosis when tested on tobacco or Arabidopsis.
Domain swap experiments between the noncytotoxic HaNLP3
and the necrosis-inducing protein PsojNIP allowed the fine
mapping of a surface-exposed region, the replacement of
which resulted in gain of cytotoxicity of HaNLP3. Our data
suggest that the HaNLP family have evolved to become noncy-
totoxic but, at the same time, have preserved most NLP
structural features for their as-yet-unknown biological function
during biotrophy.

RESULTS

The HaNLP gene family.

The H. arabidopsidis genome sequence was mined for NLP
sequences. We identified 14 full-length genes, of which ten
genes had been previously described (Baxter et al. 2010). The
additional four HaNLP sequences are highly homologous to
HaNLP4 (for HaNLP4.2 and HaNLP4.3), HaNLP6 (for
HaNLP6.2), and HaNLPS8 (for HaNLPS.2), suggesting these
genes are present in the genome in more than one copy. Fur-
thermore, 15 NLP pseudogenes were identified either contain-
ing premature stop codons and frame shifts or with only a par-
tial coding sequence (Supplementary Table S1). The positions
of the HaNLP genes and pseudogenes within the genomic con-
tigs are shown in Supplementary Figure S1. Quantitative poly-
merase chain reaction (QPCR) was used to verify the HaNLP
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copy number on genomic DNA of the sequenced isolate
Emoy?2, and we confirmed that all but two HaNLP were found
to be single-copy genes. We observed that both HaNLP6 and
HaNLP8 were present in two copies in the genome, confirm-
ing the genome assembly (Supplementary Fig. S2). In contrast,
only a single HaNLP4 was detected in Emoy2 genomic DNA,
instead of the three copies found in the assembled sequence.
Detailed analysis of the three HaNLP4 genomic regions
showed that these were highly identical over a length >10 kb
and are possibly the result of misassembly of sequence reads.
We conclude that the H. arabidopsidis Nepl-like gene family
is more expanded than previously described, comprising 12
HaNLP genes and 15 pseudogenes.

To analyze the phylogenetic relationship between the 27
HaNLP sequences identified and other oomycete NLP, we
used NLP gene models from Phytophthora infestans as well as
sequences of other NLP that have previously been shown to
induce necrosis (Bailey et al. 1997; Fellbrich et al. 2002;
Kanneganti et al. 2006; Qutob et al. 2002; Veit et al. 2001). As
shown in Figure 1, all HaNLP sequences (including all pseu-
dogenes) except for HaNLP3 and HaNLP5 cluster together,
forming a species-specific clade in the tree. Expanding the
phylogenetic tree with NLP genes of P. sojae and P. ramorum
did not change the grouping of the HaNLP family. For rea-
sons of clarity, only the P. infestans genes were included in
the tree (Fig. 1). Some of the HaNLP-specific branches con-
tain only pseudogenes (e.g., HaNLP-Pseudo3 and HaNLP-
Pseudol0, HaNLP-Pseudo2, HaNLP-Pseudo4, HaNLP-
Pseudo5, and HaNLP-Pseudo?7), while others contain genes
and pseudogenes (e.g., branches HaNLPS8-HaNLP9 and
HaNLPI1-HaNLP7). Interestingly, the branch containing
HaNLP2, HaNLP4, and HaNLP6, has only one pseudogene
(HaNLP-Pseudo9), which is highly identical to HaNLP4,
suggesting that NLP gene duplications have recently occurred
in H. arabidopsidis. Taken together, this large species-specific
expansion of HaNLP genes suggests that this gene family is the
result of recent evolution in H. arabidopsidis.

It is worth noting that HaNLP3 and HaNLP5 cluster
together with NLP from members of genus Phytophthora, sug-
gesting they represent more ancient genes. Of all HaNLP,
HaNLP3 is phylogenetically most closely related to NLP
proteins with demonstrated necrosis-inducing activity (Fig. 1)
(Baxter et al. 2010). This is also reflected at the protein level
with HaNLP3 showing the highest level of protein similarity to
PsojNIP.

Features of the H. arabidopsidis Nep1-like proteins.

The predicted HaNLP protein sequences range in size from
173 to 419 amino acids. For all HaNLP proteins, strong puta-
tive N-terminal signal peptides (SP) were predicted except for
HaNLP3, which had a weaker SignalP score (Fig. 2). The
characteristic heptapeptide motif “GHRHDWE” is degenerated
in most HaNLP proteins. However, it is fully conserved in
HaNLP3 and HaNLP4. The 12 HaNLP have two conserved
cysteine residues (Supplementary Fig. S3), which classify the
NPP1 domain of these proteins as Type 1, like all other oomy-
cete NLP proteins so-far described (Gijzen and Nurnberger
2006).

Comparison of the primary protein structure of HaNLP pro-
teins with PsojNIP revealed the presence of additional domains
at the N- or C-termini of the predicted HaNLP (Fig. 2). In
HaNLP3, there is an additional 23—amino acid domain rich in
glutamine residues (26% Q, named Q-rich domain) between
the SP and the NPP1 domain, which has also been observed in
other oomycete NLP proteins (Gijzen and Nurnberger 2006).
At the N-terminus of HaNLP9 there is a 69—amino acid do-
main between the SP and the NPP1 domain rich in proline, ser-



ine, and threonine (together 43% of the domain composition),
which was also identified in other oomycete NLP (Gijzen and
Nurnberger 2006). In the additional domain of HaNLP9,
NetOGlyc 3.1 (Julenius et al. 2005) predicted 11 potential sites
for O-glycosylation (Supplementary Fig. S4), a feature not
observed in any other HaNLP. O-glycosylation sites have been
described for H. arabidopsidis and Phytophthora elicitins, an-
other class of pathogen-secreted proteins (Cabral et al. 2011;
Jiang et al. 2006). The N-terminal domains of HaNLP8 and
HaNLP10 (26 and 36 amino acids, respectively) do not share
any similarity to known domains. The additional C-terminal
domain of HaNLP2 and HaNLP6 both contain repetitive se-
quences. In HaNLP2, the repeats are composed mainly of Ser-
Val-Glu-Asp (6x), while the degenerate repetitive domain in
HaNLP6 has a biased amino-acid composition, being rich in
glutamic acid (28%), serine (21%), and glutamine (17%). Both
the HaNLP2 and the HaNLP6 C-terminal part are not similar
to known domains. HaNLP7 is the smallest of the HaNLP pro-
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teins (173 amino acids), as it lacks most of the C-terminal do-
main. However, the main NLP features are present in this
protein, including the two cysteine residues and a degenerated
heptapeptide motif.

The seven amino-acid residues that are known to be essential
for necrosis-inducing activity of NLP proteins are conserved in
HaNLP2, HaNLP3, HaNLP4, and HaNLP6. Five of these are
involved in cation binding and stabilization, corresponding to
amino-acid residues K112, D113, H121, D124, and E126 in
PsojNIP, three of which (underlined) are present in the
GHRHDWE heptapeptide motif (Ottmann et al. 2009). The
other two amino acids important for cytolytic activity corre-
spond to the two cysteine residues that are conserved in all 12
HaNLP (Fellbrich et al. 2002).

HaNLP expression peaks early during infection.
The expression of the HaNLP genes was monitored to de-
termine at which infection stage they are activated. For this,
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Fig. 1. Phylogenetic relationship of the Hyaloperonospora arabidopsidis necrosis and ethylene-inducing peptide 1 (Nepl)-like protein genes (HaNLP) and
pseudogenes (visible in the dark gray background) with NLP of Phytophthora infestans and NLP of other oomycetes that are known to induce necrosis
(visible in the lighter gray background). DNA sequences were aligned using ClustalW2, and a Phylogenetic tree was constructed using the maximum-

likelihood method of RAXML with 1,000 bootstraps.
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H. arabidopsidis isolate Emoy2 was inoculated on the highly
susceptible Arabidopsis line Ws edsi-1, and leaves were sam-
pled at different time points after inoculation (Fig. 3A). At 6 h
postinoculation (hpi), conidiospores germinated and appres-
soria were formed. Six hours later (12 hpi), penetration hyphae
crossed the epidermal layer and haustoria developed. At 1 day
postinoculation (dpi), the pathogen formed intercellular hy-
phae and haustoria, and at 2 dpi, H. arabidopsidis colonization

of the leaf tissue continued. Abundant intercellular hyphae
forming haustoria in neighboring plant cells continued to
develop and formed a dense hyphal network at 3 dpi. During
the first three days of infection, no conidiospores were formed,
confining the analysis to cellular structures of the pathogen
that are intimately engaged in the interaction with host cells.
qPCR analysis of HaNLP mRNA levels in the above-
described infected plant material revealed high transcript levels

Name Size(aa) SP-score Heptapeptide

PsojNIP 237 0,998 GHRHDWE

HaNLP1 245 0,999 SVRHSWE

HaNLP2 281 1,000 GHRYDWE

HaNLP3 266 0,393 GHRHDWE

HaNLP4 262 0,999 GHRHDWE

HaNLP5 250 0,998 SRRHDWA

HaNLP6 419 1,000 GHRYDWE

HaNLP7 173 0,998 WIRHVWN sel | | H |
HaNLP8 267 0,999 GYRHAFE ] N ]
HaNLP9 308 1,000 DDRHDWE |
HaNLP10 286 1,000 GQRHDWE T

Signal peptide Additional N- or C-terminal domain lHeptapeptide motif

Fig. 2. Features of the 12 Hyaloperonospora arabidopsidis necrosis and ethylene-inducing peptide 1 (Nepl)-like proteins (HaNLP), including the number of
amino acids in the full-length protein, SignalP hidden Markov model score, and heptapeptide motif. Due to the high similarity of the HaNLP6 and HaNLP8
copies these are represented as single proteins. In the schematic representation of the primary protein structures, several characteristics are represented, such
as the predicted signal peptide (SP), the two conserved cysteine residues (C), the heptapeptide motif, and the presence of additional domains that are not part
of the NPP1 domain.

6 hpi

12 hpi

2 dpi

3 dpi

@0 hpi
W6 hpi
012 hpi
01 dpi
W2 dpi
@3 dpi

Relative expression

HaNLP1 HaNLP2 HaNLP3 HaNLP4 HaNLP5 HaNLP6 HaNLP7 HaNLP8 HaNLP9 HaNLP10

Fig. 3. Expression of Hyaloperonospora arabidopsidis necrosis and ethylene-inducing peptide 1 (Nepl)-like protein genes (HaNLP) during Hyaloperono-
spora arabidopsidis infection of Arabidopsis plants. A, Trypan blue stainings of Arabidopsis Ws edsI-1 leaves infected with H. arabidopsidis isolate Emoy?2
at different timepoints. At 0 h, just after spraying spores on the plants, nonadhering pathogen was washed away during the staining procedure. Scale bars are
10 pm (6 and 12 h postinoculation [hpi] and 1 day postinoculation [dpi]) and 50 um (2 and 3 dpi). B, Relative transcript level of the different HaNLP genes
during H. arabidopsidis Emoy?2 infection of Ws edsl-1 Arabidopsis leaves determined by quantitative-polymerase chain reaction. The expression of the
HaNLP genes is represented as fold change relative to the expression of H. arabidopsidis ACTIN. Primers used were specific for each gene, except for
HaNLP4, HaNLP6, and HaNLPS, which have highly identical variants. The error bars represent the standard deviation of three technical replicates. Similar
results were obtained in three independent experiments.
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for most HaNLP genes during the early stages of infection (up
to 1 dpi), whereas expression of HaNLP5, HaNLP7, and
HaNLP10 was low or undetectable. Strikingly, for all HaNLP
genes with detectable expression, relatively high activation was
detected at 6 hpi when appressoria were formed (Fig. 3). Four
genes (HaNLP1, HaNLP3, HaNLP4, and HaNLPS8) were al-
ready expressed in conidiospores before the interaction with the
plant host. Based on their temporal expression during infection,
the HaNLP genes can be divided into two groups. The first
group, comprising HaNLP2, HaNLP4 and HaNLP9, was ex-
pressed during the entire infection process while, for the second
group (HaNLP1, HaNLP3, HaNLP6, and HaNLPS§), expression
was strongest at the early stages of infection (up to 12 hpi).

HaNLP are not phytotoxic.

The fact that H. arabidopsidis is an obligate biotroph requir-
ing living host cells raises the question if any of the HaNLP is
cytotoxic. To test proteins for necrosis-inducing activity, we
transiently expressed the ten different HaNLP coding sequences
under control of the 35S promoter in Nicotiana tabacum using
Agrobacterium tumefaciens—mediated transient expression, a
system that has been previously validated to determine necro-
sis-inducing activity of NLP proteins (Schouten et al. 2008).
Transient expression of the different HaNLP genes did not
result in any necrotic response (Fig. 4B), with no visible symp-
toms up to 12 dpi. PsojNIP was used as positive control, and it
induced visible necrosis of inoculated sites already at 2 dpi.

A Q-rich region
PsojNIP MNLRPALLATLASFAYVSA-—————————————————————— SVINHDQVVPFTQPTPTT 37
HaNLP3 MKIDGFITTAILAHIPVYARNDYVOEEKQQOLOEPLDGOWKPITTTGHDAIVPFSEPKPVT 60
kak . * HE pREE K KR
PsojNIP ALQOAAVKYKPQIHISNGCHPYPAVDNNGNTSGGLNPTGSE SAGCKGSGYGTQIYGRAVK 97
HaNLP3 ISEKAGVKFKPLLDVNTGCAPYAAVNAEGETSGGLOTSGDPESGCRGSKYGSQVYGRSTW 120
sek _hkakk 2 - kk kk dhk: skokkkkk: ok ckk-hkk kkodkohkdkk . |
PsojNIP YOGVYAFMY SWYMPKDE TLTGLGHRHDWEACVVWVDDIAASSPKIVALSASAHSGYNKYY 157
HaNLP3 YNDVWAIMYAWYFPKD SPMLIMGHRHDWENVVVE INDPDEVEPTILGCSTSWHSGYIKYA 180
ko kekokkokkokhkk _:  skkkkkkk  kk::ok Lk ks kek kkkk Kk
PsojNIP PPSSSYFSGNSAKIDYSSSYVVINHALSATSTAGETQPLIMWDQLTDAARRATEDTDFGD 217
HaNLP3 PCPTDSINGSSVMIKYEHSFP-LNHALNITKDAGAYQODLIMWHOMPDLARRAINDTDFGK 239
L N ST e aen A e Sl L skkkk ok k% * kkkk ke k hkkkkokkhkkk
Pso]NIP ANVPFKDANFQTKLGNAYYA-====== 237
HaNLP3 AITPMNDLNFMEKIEAAWPFKTKKDGA 266

*  _k:ak k% * - * .

D

PpNLP HaNLP1 HaNLP2 HaNLP3 HaNLP3-Q

B

80
< | —e—PpNLP
§ 604 ——HaNLP1
s | ——HaNLP2
° ~s-HaNLP3
g W —e—HaNLP3-Q
8 1 —=—Control
@ <%
Y === .
0 5 10 15
Time [min]

Fig. 4. Hyaloperonospora arabidopsidis necrosis and ethylene-inducing peptide 1 (Nepl)-like proteins (HaNLP) lack necrosis-inducing activity. A, Align-
ment of PsojNIP and HaNLP3, indicating amino acids previously identified that are important for necrotic activity (indicated in red). Predicted signal pep-
tides, the heptapeptide motif, and Q-rich region are depicted. B, Agrobacterium-mediated transient expression of HaNLP on tobacco leaves (5 days postin-
oculation [dpi]). No necrotic lesions were induced by expression of HaNLP up to 12 dpi. The HaNLP are numbered 1 to 10. PsojNIP was used as positive
control and YFP as a negative control. C, Leaves from Arabidopsis or D, tobacco were infiltrated with 2 pM Phytophthora parasitica NLP as positive control
and HaNLP1, HaNLP2, HaNLP3, and a HaNLP3 variant without the Q-rich region (HaNLP3-Q). E, Membrane permeabilization assay. PpPNLP was used as
positive control and induced release of calcein from plasma membrane vesicles obtained from Arabidopsis. Treatment with purified HaNLP1, HaNLP2,
HaNLP3, and a HaNLP3 variant without the Q-rich region HaNLP3-Q were not able to induce calcein release. One representative experiment of three

yielding similar results is shown.
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To verify the reproducibility of this result, we analyzed the
effect of HaNLP3, the most likely HaNLP that could have ne-
crosis-inducing activity (discussed above; Fig. 4A), in comple-
mentary experiments. Purified HaNLP3 (Supplementary Fig.
S5) and, as a positive control, a cytolytic NLP of P. parasitica
PpNLP (previously named NPP1) (Fellbrich et al. 2002) were
infiltrated into leaves of Arabidopsis thaliana Col-0 (Fig. 4C)
and Nicotiana tabacum (Fig. 4D). While the positive control
PpNLP (2 uM) induced necrosis within 12 h following infiltra-
tion, HaNLP3 failed to induce necrotic symptoms under the
same experimental conditions within 48 h following infiltration.
HaNLP1 (2 pM) and HaNLP2 (2 uM) were also included in
these experiments and did not show necrosis-inducing activity.
Increasing the concentration of the HaNLP proteins up to 20 uM
also did not lead to an induction of necrosis (data not shown).

We tested whether HaNLP3 was able to disrupt plasma mem-
branes, a feature observed for cytolytic NLP proteins (Ottmann
et al. 2009). Plasma membrane vesicles obtained from Arabi-
dopsis leaves were loaded with a fluorescent dye (calcein), and
membrane damage triggered by NLP was measured as dye
release (Fig. 4E). HaNLP1, HaNLP2, and HaNLP3 (20 nM)
were not able to permeabilize membranes, nor were higher
concentrations up to 200 nM. This is in contrast to the necrosis-
inducing PpNLP that disintegrated vesicles at 20 nM within 5
min of protein application.

Structure-function analysis of HaNLP3.

Compared with the PsojNIP protein, the HaNLP3 protein
differs at two important points: i) the N-terminus that has a
weak SP prediction score and, directly connected to that, ii) an
additional Q-rich region N-terminal of the NPP1-domain (Fig. 1
and 4A). To verify if these two features of the HaNLP3 protein
could be related to the lack of the necrosis-inducing activity,
chimeras were created between the HaNLP3 and PsojNIP pro-
teins (Fig. 5A).

We compared the timing and appearance of necrosis in N.
tabacum leaves infiltrated with A. tumefaciens expressing the
different constructs (Fig. 5B and C). All chimeras produced
stable protein products in planta (Supplementary Fig. S6). The
necrosis-inducing activity of PsojNIP was reduced when the
predicted SP was exchanged with that of HaNLP3 (fusion 1),
which is in agreement with the lower SP score of HaNLP3.
Nevertheless, the fact that fusion 1 still induces necrosis indi-
cates that the HaNLP3 SP can secrete the mature PsojNIP pro-
tein from plant cells. Also the addition of the Q-rich region to
PsojNIP (fusion 2) resulted in a reduction in necrosis-inducing
activity. Fusion 3, which contains both the SP and Q-rich re-
gion of HaNLP3 fused to PsojNIP, was no longer able to in-
duce necrosis, possibly as a result of additive negative effects
on PsojNIP cytolytic activity. To test whether the weak SP and
the inhibitory Q-rich region of HaNLP3 are the cause of its
lack of necrosis-inducing activity, the mature HaNLP3 protein
was fused to the strong PsojNIP SP, either with or without the
Q-rich region (fusions 4 and 5, respectively). Both fusion pro-
teins failed to induce necrosis, indicating that features of the
HaNLP3 NPP1-domain are responsible for the lack of necro-
sis-inducing activity.

We confirmed this observation in a complementary assay in
which purified recombinant HaNLP3 protein without the Q-
rich region was directly infiltrated into tobacco and Arabidop-
sis leaves. The recombinant HaNLP3 proteins failed to cause
leaf necrosis (at concentrations up to 20 uM) (Fig. 4C and D),
whereas the positive control PpNLP induced strong necrosis at
a concentration of 2 UM. A second measure of NLP activity is
the increase in permeability of plant membranes, as determined
by the release of fluorescent calcein from preloaded vesicles
made from Arabidopsis membranes. Recombinant HaNLP3
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without the Q-rich region did not result in release of the
fluorochrome, whereas adding PpNLP protein resulted in a
steady release of calcein from the membrane vesicles (Fig.
4E). Taken together, these findings show that mature HaNLP3
with or without the Q-rich region does not induce necrosis.

Gain of toxicity by exchange
of an exposed domain in HaNLP3.

In an attempt to identify domains in the HaNLP3 protein
that prevent it from inducing necrosis, chimeras were made
by exchanging sequences between PsojNIP and fusion 5 that
contains the SP of PsojNIP fused to the HaNLP3 NPP1-do-
main without the Q-rich region (Fig. 6A). All chimeras pro-
duced stable protein products in planta. As shown in Figure 6,
chimeras created by swapping either the N-terminal or the C-
terminal domain (fusions 6 and 7) revealed gain of necrosis
activity solely by the construct containing the N-terminus of
PsojNIP fused to 160 amino acids of the C-terminus of
HaNLP3 (fusion 7) (Fig. 6B and C), indicating that the N-
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Fig. 5. The signal peptide (SP) and Q-rich region are not responsible for
the lack of necrosis-inducing activity of HaNLP3. A, Schematic
representation of chimeras (fusions 1 to 5) made between HaNLP3 and
PsojNIP. B, Agrobacterium-mediated transient expression of fusion
constructs on tobacco leaves. Photos were taken at 5 days postinoculation
(dpi). C, Frequencies of inoculated sites showing necrosis observed in
tobacco leaves from 2 to 5 dpi. Frequencies were calculated as percentages
of necrotic sites of the total number of inoculations per tested construct.
The data originated from three independent experiments with a total of 45
sites inoculated per construct.



terminal domain of HaNLP3 prevents the induction of necro-
sis. Importantly, fusion 7 also shows that the large C-terminal
region of 160 amino acids of HaNLP3, including the domain
surrounding the heptapeptide motif, is functionally equiva-
lent to that of PsojNIP. To narrow down the differential effect
in the N-terminal region of HaNLP3, the PsojNIP region in
fusion 7 was further split into two parts at the first conserved
cysteine residue (fusions 8 and 9). However, neither fusion 8
nor fusion 9 were able to induce necrosis, suggesting that the
two N-terminal regions of PsojNIP are both required for its
cytotoxic activity.

When comparing the amino acid sequence of the N-terminal
region, up to the first conserved cysteine residue of HaNLP3,
and several NLP that induce necrosis (region divided in boxes
in Figure 7A), two conserved regions (Fig. 7Aa and c) can be
distinguished. The sequences between these regions (Fig. 7Ab)
is highly diversified in all necrosis-inducing NLP and, there-
fore, not likely to be an important structural region. Indeed, we
observed that fusion 10, which has the HaNLP3 sequence for
this diversified region b (Fig. 7A) shows comparable necrosis-
inducing activity to fusion 7, which has the sequence of PsojNIP
for this region.

To define whether region a or region ¢ (Fig. 7A) might be
preventing the induction of necrosis, we initially analyzed
the position of the corresponding regions in the resolved 3D
structure of NLPpya of Pythium aphanidermatum (Ottmann
et al. 2009). In the protein structure (Fig. 7B), region a is lo-
cated very closely to the region between the two conserved
cysteine residues, a domain that we also found to be impor-
tant for necrosis-inducing activity (fusion 8). Comparison of
the sequence of region a between HaNLP3 and several necro-
sis-inducing proteins (Fig. 7A) revealed four amino acid resi-
dues before the conserved H and D amino acids that are very
different between HaNLP3 (TTTG, mostly hydrophilic) and
the necrosis-inducing proteins (containing hydrophobic
amino acids). We engineered fusion 9 by replacing the four
amino acids TTTG of HaNLP3 with those of PsojNIP
(SVIN), resulting in fusion 11. Strikingly, fusion 11 was able
to induce necrosis to similar levels as observed for fusion 7.
We conclude that a region of HaNLP3, corresponding to a

A B

large exposed region in NLPpya but consisting of two separate
stretches in the primary amino acid sequence of HaNLP3,
prevents the protein from inducing necrosis.

DISCUSSION

In this paper, we describe the characterization of Nepl-like
proteins of the obligate biotrophic pathogen Hyaloperono-
spora arabidopsidis. We observed that, besides the 10 genes
reported in the H. arabidopsidis genome (Baxter et al. 2010),
several additional pseudogenes and fragmented sequences are
present in the H. arabidopsidis genome. We also identified
additional copies of HaNLP6 and HaNLPS, based on blast
searches. These extra copies were confirmed by qPCR analysis
on genomic DNA of H. arabidopsidis Emoy2. Considering
these new findings, the HaNLP family comprises a total of 12
genes and 15 pseudogenes in isolate Emoy2 and is more ex-
panded in H. arabidopsidis than initially described.

HaNLP genes encode predicted secreted proteins that are
likely targeted to the host apoplast during the infection proc-
ess. Interestingly, although the SP score of HaNLP3 is low, a
clear SP cleavage site was predicted. It is possible that the
algorithms used for prediction of SP sequences are not accu-
rate for oomycete sequences. We showed the functionality of
the HaNLP3 SP in plants by fusing this sequence to the mature
PsojNIP protein. This chimera was able to induce necrosis, a
plant response that can only be observed if PsojNIP is local-
ized in the host apoplast (Qutob et al. 2002). However, a
decrease in the number of necrotic sites and longer incubation
period was observed, indicating that although the SP of
HaNLP3 works as a secretion signal, it is not as efficient as the
native SP of PsojNIP when secreted by tobacco cells. None of
the HaNLP were detected by proteomics to be present in apo-
plastic fluid isolated from H. arabidopsidis—infected Arabi-
dopsis leaves, whereas other secreted pathogen proteins were
identified (N. Boot and G. Van den Ackerveken, unpublished
data). The expression of HaNLP genes early during the infec-
tion process could explain a low protein abundance at later
stages of infection (around 5 dpi) when apoplastic fluid was
isolated. Alternatively, the HaNLP proteins could have mem-
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Fig. 6. Swapping of two regions in HaNLP3 restored necrosis-inducing activity. A, Schematic representation of chimeras made between HaNLP3 and
PsojNIP. B, Agrobacterium-mediated transient expression of fusion constructs on tobacco leaves. Photos were taken at 5 days postinoculation (dpi). C, Fre-
quencies of inoculated sites showing necrosis observed in tobacco leaves from 2 to 6 dpi. Frequencies were calculated as percentages of necrotic sites of the
total number of inoculations per tested construct. Three independent experiments were performed with a total of 45 sites inoculated per construct.
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brane-binding activity that would prevent them from being
washed from the plant cells during apoplastic fluid isolation.
According to our results, the expression of the HaNLP genes
during infection is generally higher at early infection stages and
is concomitant with appressorium formation (6 hpi). It is tempt-
ing to speculate that the nontoxic HaNLP protins may function
in attachment or primary contact between pathogen and host.
However, some HaNLP genes are expressed during the entire
infection process, while others are expressed mainly at the initial
infection stages. Besides, some of these genes are already ex-
pressed in conidiospores, prior to the initiation of infection. In
hemibiotrophic organisms, such as the oomycete Phytophthora
sojae, cytotoxic NLP expression is associated with the appear-
ance of disease symptoms on infected plants as the pathogen
transitions from a biotrophic to a necrotrophic phase at later
stages of infection (Qutob et al. 2002). In the case of P. in-
festans, the toxic NPP1.1 is expressed at late stages of coloniza-
tion of tomato, similar to the above-described NLP of P. sojae
(Kanneganti et al. 2006). Interestingly, like the HaNLP family,
the noncytolytic PINPP1.3 is constitutively expressed during the
biotrophic phase. Taken together, these results suggest that, re-
garding the function, it is likely that at least two different classes
of NLP can be identified: i) toxic NLP that act during the transi-
tion from biotrophy to necrotrophy and ii) nontoxic NLP that
might have a role in the establishment of biotrophic interactions.
The NPP1 domain of the HaNLP proteins contains two con-
served cysteine residues and therefore resembles other oomycete

A

NLP (Gijzen and Nurnberger 2006). Besides the cysteine resi-
dues, a characteristic feature of the NPP1 domain is a central
region with a conserved heptapeptide motif “GHRHDWE.”
This sequence is not conserved in the HaNLP proteins, except
for HaNLP3 and HaNLP4. Sequence alignments, including the
HaNLP proteins and PsojNIP, revealed the presence of addi-
tional N- or C-terminal domains in some HaNLP predicted
protein sequences. HaNLP3 has an extra hydrophilic domain
rich in glutamine residues inserted between the SP cleavage
site and the NPP1 domain. A chimera generated by adding the
Q-rich region to the N-terminus of PsojNIP was still able to
induce necrosis (Fig. 5). Our results suggest that oomycete
proteins having an additional N-terminal hydrophilic domain
are still potential necrosis-inducing proteins.

Also at the N-terminus, a potential O-glycosylated domain
was found only in HaNLP9. O-glycosylation has been predicted
for other secreted oomycete effectors (Jiang et al. 2006; Cabral
et al. 2011) and were also found in two PiNLP (PITG_22668
and PITG_08522), which are most similar to HaNLP (Fig. 1).

Phylogenetic comparison with other oomycete NLP se-
quences (Fig. 1) revealed that the HaNLP family form a large
cluster unrelated to other oomycete NLP. The evolutionary
expansion of a HaNLP-specific group suggests that these
genes are likely to be important for the biology of this highly
specialized pathogen, perhaps pointing to a special role for
these proteins in this species. Although the presence of a spe-
cific HaNLP cluster has been previously described (Baxter et
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Fig. 7. Exposed domain is important for necrosis activity. A, Alignment of N-terminal domain of HaNLP3 with other necrosis and ethylene-inducing peptide
1 (Nepl)-like proteins (NLP) (PsojNIP: AF320326 [Qutob et al. 2002]; PINPP1.1: AY961417 [Kanneganti et al. 2006]; NLPpya: AF179598 [Veit et al.
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al. 2010), here, we showed that addition of several other HaNLP
sequences, including pseudogenes, partial sequences, and addi-
tional copies, revealed a further expansion of the H. arabidop-
sidis—specific cluster, indicating that recent duplications are
responsible for the increase in the number of HaNLP sequences.
HaNLP3 and HaNLP5 group together with other oomycete se-
quences, suggesting that these two genes were present in a
common oomycete ancestor and could have a different func-
tion in comparison with other HaNLP genes. Notably, HaNLP3
was found in a clade containing several necrosis-inducing
proteins of different oomycete pathogens, and therefore, this
protein is the most likely HaNLP gene that could have retained
necrosis-inducing activity (Fig. 1) (Baxter et al. 2010).

Domain swaps between HaNLP3 and PsojNIP uncovered re-
gions within NLP proteins that were, thus far, unknown to be
important for necrotic activity. Previous studies identified sev-
eral amino acids important for necrosis induction (Fellbrich et
al. 2002; Ottmann et al. 2009). As all these residues are con-
served in HaNLP3, another region is impairing its ability to in-
duce necrosis. Indeed, HaNLP3 with the N-terminus of PsojNIP
exhibits gain of cytolytic activity (Fig. 6, fusion 7). Fine map-
ping of the N-terminal region revealed that two domains are
important for gain of necrosis activity of HaNLP3. Based on
sequence comparison of toxic NLP and the previously pub-
lished 3D structure of the NLP of Pythium aphanidermatum
(Ottmann et al. 2009), we were able to identify two regions on
an exposed domain of HaNLP3 that, when swapped by PsojNIP
sequences, resulted in gain of NLP toxicity.

Although previous reports have described organisms con-
taining only necrosis-inducing NLP (e.g., Botrytis cinerea
[Schouten et al. 2008], Pectobacterium carotovorum subsp. ca-
rotovorum [Mattinen et al. 2004], Mycosphaerella graminicola
[Motteram et al. 2009]) and organisms containing both necro-
sis-inducing and non—necrosis inducing NLP (e.g., Phytoph-
thora infestans [Kanneganti et al. 2006]), H. arabidopsidis is
the first organism for which all present NLP are noncytotoxic.
This is not surprising, since H. arabidopsidis is an obligate
biotrophic pathogen that needs living host cells for completion
of its life cycle. The identification of the recently expanded
family of nontoxic NLP in H. arabidopsidis, together with the
finding that HaNLP3 has adapted to become noncytotoxic but
at the same time has preserved most NLP structural features,
suggests that the HaNLP have evolved to function during bio-
trophic infection of plants.

MATERIALS AND METHODS

Plant and pathogen growth conditions, infection,
and staining.

H. arabidopsidis isolate Emoy2 was propagated on QOy-0
plants at a 7-day interval. Arabidopsis thaliana mutant Ws
edsi-1, used in pathogen-challenge experiments, was grown at
22°C with 10 h of light and a relative humidity of 75%. Infec-
tions were performed by spraying H. arabidopsidis spore sus-
pension (5 x 10* spores per milliliter) on 14-day-old Ws edsI-1
seedlings to the point of imminent run-off. Plants were subse-
quently covered with a transparent sealed lid and were incu-
bated at 16°C with 10 h of light. Samples were collected at 0,
6, 12, 24, 48, and 72 hpi. Infections were visualized by trypan
blue staining as previously described (Van Damme et al. 2005),
and images were made by differential interference contrast
microscopy. Three independent timecourse experiments were
performed. Nicotiana tabacum seeds were germinated in 30-
ml pots and plants were grown for 1 week at 22°C with 10 h of
light and 70% relative humidity. The plants were then trans-
planted to 200-ml pots and were kept at enough distance from
each other to avoid damage to the leaves.

NLP identification and bioinformatic analysis.

Blast queries (TblastN and blastN) (Altschul et al. 1990)
using the ten HaNLP sequences published previously (Baxter
et al. 2010) and PsojNIP (AF320326) (Qutob et al. 2002) were
performed against the H. arabidopsidis genome assembly
(V8.3 at Virginia Bioinformatics Institute) and trace files at the
National Center for Biotechnology Information to identify
pseudogenes and copy number variants and to map the genes
within the contigs. For the identification of pseudogenes, blast
hits were manually inspected. SP predictions were performed
by SignalP V3.0 (Bendtsen et al. 2004).

To collect NLP sequences of Phytophthora infestans all
gene models from the Broad Institute were used in TBlastN
and BlastN searches, using PsojNIP as a query. Of the identi-
fied PiNLP sequences, only those encoding full-length proteins
were maintained. The obtained NLP sequences were aligned
using ClustalW2 (Larkin et al. 2007) and the phylogenetic tree
was constructed using RAXML and iTOL.

HaNLP cloning and construction
of recombinant Agrobacterium tumefaciens.

The HaNLP genes were PCR-amplified from Emoy?2 genomic
DNA and from cDNA obtained from Emoy2-infected Arabi-
dopsis leaves to verify the presence of introns and gene expres-
sion. Since no introns were observed, Emoy2 genomic DNA
was used to amplify the HaNLP genes, using the primers listed
in Supplementary Table S2. For each amplification, PCR prod-
ucts were excised and purified from gel, using Illustra GFX
PCR DNA and gel band purification kit (GE Healthcare, Buck-
inghamshire, U.K.). Purified PCR products were cloned in the
pENTR/D-TOPO vector, using a directional TOPO cloning
reaction (Invitrogen, Bleiswijk, The Netherlands). The clone
insert was sequence-verified using standard vector primers
(M13F and M13R-pUC). The insert DNA was transferred to
the Gateway destination vector pB7WG?2 (Plant Systems Biol-
ogy, University of Ghent, Belgium) by LR recombination
(Invitrogen), and clones were PCR-verified for correct insert
size. HA-tagged HaNLP were constructed by multisite gate-
way cloning, using LR clonase plus (Invitrogen) and the vector
pB7m34GW (Plant Systems Biology). The three entry clones
used in a multisite LR reaction were a 35S CaMV (Cauli-
flower mosaic virus) promoter (flanked by AttB4 and attBl
sites), the gene of interest (pENTR/D-TOPO clones without stop
codon), and a 3xHA epitope tag (flanked by A#B2 and A#tB3).
The HA-tagged constructs were sequence-verified using stan-
dard vector primer M13F. Entry clones containing the 35S
CaMV promoter and 3xHA epitope tag were provided by B.
Scheres (Utrecht University, The Netherlands).

Three independent clones were independently electro-trans-
formed into A. tumefaciens C58C1_pGV2260. The presence of
inserts of expected size in A. tumefaciens clones was verified
by PCR. For the Agrobacterium-mediated transient expression
assay, three independent A. tumefaciens clones (derived from
each of the three destination clones) were used. The PsojNIP
cDNA clone was provided by M. Gijzen (Agriculture and
Agri-Food Canada, Ottawa, Canada). Primers were used for
amplification of full-length PsojNIP, which was further cloned
in the same way as the HaNLP genes. YFP cloned in
pENTR/D-TOPO was provided by J. E. Parker (Max Planck
Institute, Cologne, Germany).

Nucleic acid extraction and cDNA synthesis.

Total RNA was extracted from ground leaf material, using
the RNeasy plant mini kit (Qiagen, Venlo, The Netherlands),
and was treated with the RNase-free DNase set (Qiagen), fol-
lowing the manufacturer’s instructions. Genomic DNA was
isolated from H. arabidopsidis isolate Emoy2 spores using the
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DNeasy plant mini kit (Qiagen). Total RNA and DNA were
quantified using a NanoDrop spectrophotometer (ND-1000;
De Meern, The Netherlands). Plasmid DNA was purified from
Escherichia coli cultures, using GenElute plasmid miniprep kit
(Sigma, Zwijndrecht, The Netherlands). cDNA synthesis was
performed with 4.5 pg of Total RNA, Superscript-III reverse
transcriptase (Invitrogen), and oligo(dT)15 (Promega, Utrecht,
The Netherlands).

gPCR analysis.

H. arabidopsidis isolate Emoy2 genomic DNA was used to
determine gene copy number by real-time PCR. Gene-specific
primers that amplified PCR products between 99 and 101 bp at
the 3” end of the transcript were designed. Amplification reac-
tions (25 ul) were performed in triplicate, each with a different
amount of input genomic DNA (3, 6, and 12 ng), 10 uM of
each primer, and 12.5 pl of master mix (Power SYBR Green I,
Applied Biosystems, Bleiswijk, The Netherlands). Copy num-
ber was determined as a ratio of the estimated copies of each
HaNLP to the reference gene H. arabidopsidis ACTIN.

For measurement of transcribed mRNA levels, cycle thresh-
olds were determined in triplicate per transcript in three bio-
logical replicas, using the same primers and reaction condi-
tions described for genomic DNA. The expression of each
gene was determined as fold change relative to the average
cycle threshold values of the control gene H. arabidopsidis
ACTIN. The qPCR parameters were 2 min at 50°C, 10 min at
95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C,
ending with 15 s at 95°C, 15 s at 60°C, and 15 s at 95°C. The
specificity of the PCR was determined by melting curve analy-
sis of the amplified products, using the standard method in-
stalled in the system.

Generation of domain swap clones.

To generate domain swap clones, PsojNIP and HaNLP3
cloned in pENTR/D-TOPO were initially used as template.
Fusions 1 to 9 were created by overlap PCR, using two rounds
of PCR amplification. In independent reactions, specific do-
mains were amplified from HaNLP3 and PsojNIP, using prim-
ers for these genes and fusion primers. The PCR products were
purified as described before, and the combined PCR products
were then used as template in a second PCR reaction. The
PCR amplifications were performed using Phusion Tag poly-
merase, following the manufacture’s instruction. The first and
second PCR reactions were performed with 10 and 20 cycles,
respectively. The obtained products were cloned in pPENTR/D-
TOPO and were further processed as described above.

Site-directed mutagenesis.

Fusions 10 and 11 were made by site-directed mutagenesis
of gateway entry clones, using 5" phosphorylated primers and
plasmid DNA as template. Nucleotides were added at the 5
end of both forward and reverse primers. The PCR-product
was ligated back to its circular form using T4 DNA ligase
(Fermentas, St. Leon-Rot, Germany), and were subsequently
transformed into E. coli DH5o..

Agrobacterium-mediated transient expression assays.

Recombinant A. tumefaciens were grown overnight at 28°C
with the appropriate antibiotics. Cells were harvested by cen-
trifugation and were resuspended to a final concentration cor-
responding to an optical density at 600 nm of 0.8 in a solution
containing 10 mM morpholineethanesulfonic acid (MES), pH
5.6, 10 mM MgCl,, and 0.07 mM acetosyringone. Cultures
were incubated at room temperature for 4 h before infiltration.
The samples were infiltrated into leaves of 4- to 5-week-old
N. tabacum plants using a 1-ml syringe.
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Protein expression analysis.

Total protein extracts were prepared by grinding four leaf
disks (8 mm in diameter) per sample of N. tabacum plants 48 h
after infiltration. Samples were resuspended in 100 pl of 2x
Laemmli loading buffer, were boiled for 5 min, and were centri-
fuged to remove cell debris. Proteins were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis on
12% gel and were transferred onto nitrocellulose membranes.
Membranes were incubated with rat anti-HA antibody (Roche
Applied Science, Almere, The Netherlands) or with a poly-
clonal NPP1 antibody (Fellbrich et al. 2002). Antibody-bound
proteins were detected using either a goat anti-rat immuno-
globulin G (IgG)-HRP conjugate (Santa Cruz Biotechnolgy sc-
2006, Heidelberg, Germany) or a goat anti-rabbit IgG-HRP
(Cell Signaling Technology, Leiden, The Netherlands), using a
chemiluminescence detection kit (SuperSignal West Femto
chemiluminescent substrate, Pierce, Landsmeer, The Nether-
lands).

Heterologous expression of HaNLP in Pichia pastoris,
protein purification, and leaf infiltration.

The cDNAs encoding for HaNLP1, HaNLP2, and HaNLP3
without SP were amplified via PCR (using primers
HaNLP1forEcoRlI, HaNLP1revNotl, HaNLP2forEcoRlI,
HaNLP2revNotl, HaNLP3forEcoRI, and HaNLP3revNotl)
and were cloned into the secretory expression plasmid
pPICI9K. For deletion of the Q-rich domain in HaNLP3, the 27
amino acids next to the SP of HaNLP3 were deleted, according
to the QuikChange II XL site-directed mutagenesis kit instruc-
tions (Stratagene, Amstelveen, The Netherlands), using primers
Alpha-HaNLP3-Qfor and Alpha-HaNLP3-Qrev. Secretory ex-
pression of HaNLP in Pichia pastoris GS115 was performed
according to the Multi-Copy Pichia expression kit instructions
(Invitrogen). Purification of the protein from the culture me-
dium of Pichia pastoris was achieved by ion-exchange chro-
matography followed by gel filtration. Culture medium con-
taining HaNLP was dialyzed against 20 mM NaAc, pH 4.7,
and was applied to a HiTrap SP FF 5-ml column for HaNLP1
or against 20 mM Tris-HCI, pH 8.5, and applied to a HiTrap Q
FF 5-ml column (GE Healthcare) for HaNLP2, HaNLP3, and
HaNLP3-Q. These columns were equilibrated in the same
buffer used for dialysis. After extensive washing, bound pro-
teins were eluted with a linear gradient of 0 to 500 mM KCl in
equilibration buffer. Following gel electrophoretic analysis,
protein-containing fractions were pooled and were subjected to
a HiLoadTM 16/60 Superdex 75 column (GE Healthcare)
equilibrated in 20 mM Tris, pH 8, and 150 mM KCI. Upon vis-
ual inspection on an SDS gel, protein-containing fractions
were pooled and dialyzed against deionized sterile distilled
water. Purified NLP (2 to 20 uM) or mock solution were infil-
trated abaxially into leaves of N. tabacum cv. Samsun NN (4 to
6 weeks old) or Arabidopsis thaliana Col-0 (4 to 5 weeks old)
grown at 22°C (15 h light).

Preparation and permeabilization
of calcein-loaded plasma membrane vesicles.

Plant plasma membranes were prepared by phase partition-
ing of microsomal fractions (Larsson et al. 1994), using Dex-
tran and polyethylene glycol in a 6.4% concentration (wt/wt)
and 3 mM KCI. For preparation of calcein-loaded vesicles,
plasma membranes (500 g protein) were sonified (30 min on
ice, 20-s pulse on, 20-s pulse off, amplitude 25%) in the pres-
ence of calcein (60 mM, pH 7.0). The external calcein was re-
moved by gel filtration, using Sephadex G-75 (Sigma) medium
column equilibrated in 20 mM Tris, pH 8.5, 140 mM NaCl,
and 1 mM EDTA. Permeabilization of the vesicles (1 ng of
protein per microliter) induced by 20 to 200 nM NLP was



assayed at room temperature in 20 mM MES, pH 5.8, 140 mM
NaCl by measuring fluorescence (excitation 485 nm, emission
520 nm) in a microplate reader (Sirius HT Injector; MWG
Biotech, Ebersberg Germany. The percentage of calcein release
(R) was calculated according to the equation R = (Feqs — Finie)/
(Fmax — Finip) X 100, where F,c., Fini and F,,, are the meas-
ured, initial, and maximal fluorescence, respectively. F,,., was
obtained by the addition of Triton X-100 to 0.5% (vol/vol) final
concentration at the end of each measurement. The experi-
ments were repeated three times with similar results.
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