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The effector protein NIP1 from the barley (Hordeum vulgare) pathogen Rhynchosporium secalis specifically induces the synthesis
of defense-related proteins in cultivars of barley expressing the complementary resistance gene, Rrs1. In addition, it stimulates
the activity of the barley plasma membrane H*-ATPase in a genotype-unspecific manner and it induces necrotic lesions in leaf
tissues of barley and other cereal plant species. NIP1 variants type I and II, which display quantitative differences in their
activities as elicitor and H*-ATPase stlmulator and the inactive mutant variants type III* and type IV*, were produced in
Escherichia coli. Binding studies using "®I-NIP1 type I revealed a single class of binding sites with identical binding
characteristics in microsomes from near-isogenic resistant (Rrs1) and susceptible (rrs1) barley. Binding was specific, reversible,
and saturable, and saturation ligand-binding experiments yielded a K; of 5.6 nm. A binding site was also found in rye (Secale
cereale) and the nonhost species wheat (Triticum aestivumy), oat (Avena sativa), and maize (Zea mays), but not in Arabidopsis
(Ambzdopszs thaliana). For NIP1 types I and II, equilibrium competltlon—bmdmg experiments revealed a correlation between the
difference in their affinities to the binding site and the differences in their elicitor activity and H'-ATPase stimulation,
indicating a single target molecule to mediate both activities. In contrast, the inactive proteins type III* and type IV* are both
characterized by high affinities similar to type I, suggesting that binding of NIP1 to this target is not sufficient for its activities.

All classes of microorganisms—fungi, oomyecetes,
bacteria, viruses, and nematodes—contain members
that have evolved to exploit living plants as a nutrient
source. Despite the vast differences in their lifestyles,
these plant pathogens share a common dilemma: They
need to physically interact with the host plant, thereby
generating wounds and releasing components from
the plant surface, which allow the plant to recognize
the invasion. Furthermore, exposed microbial surface
structures and essential components, such as the major
protein of bacterial flagellae, flagellin (Gomez-Gomez
and Boller, 2002), or the outermembrane lipooligosac-
charides of gram-negative bacteria (Gerber and Dubery,
2004; Gross et al., 2005), can serve as vehicles to launch
the plant defense response. These molecules possess
crucial basic functions for the microbe without being
specifically intended for the interaction and have
been termed microbe- or pathogen-associated molec-
ular patterns (MAMPs /PAMPs; Niirnberger and Lipka,
2005). Their recognition by plant pattern recognition
receptors results in MAMP/PAMP-triggered immu-
nity (Jones and Dangl, 2006). To use a plant as a host,
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microbes therefore must evolve strategies to avoid this
type of recognition or to suppress its consequences.
Furthermore, to optimize their nutritional situation,
microbes usually produce and secrete effector mole-
cules or even transfer them into the host cytoplasm to
manipulate host physiology in their favor, thereby
causing effector-triggered susceptibility (Jones and
Dangl, 2006). However, this again means leaving cover
and running the risk of being picked up by the plant
surveillance system through the products of plant
resistance (R) genes. Hence, those effectors that are
meant to serve the microbe as virulence factors may be
turned into specific recognition factors. They now
function as avirulence (Avr) determinants for the host
(Luderer and Joosten, 2001; van’t Slot and Knogge,
2002), mediating effector-triggered immunity (Jones
and Dangl, 2006). Genetically, this latter scenario has
been described as a gene-for-gene interaction in which
plant R genes meet complementary pathogen Avr genes
to cause disease resistance (Flor, 1971). Detailed anal-
yses of R-Avr gene interactions in several pathosystems
have suggested that, in the majority of cases, this
recognition is not based on a simple receptor-ligand
model (Baker et al., 1997). Instead, pathogen effectors
interact with specific plant virulence targets, thereby
inducing conformational changes, which are detected
by the R proteins (guard hypothesis; van der Hoorn
etal., 2002; Jones and Dang]l, 2006). As a consequence, a
signaling process is initiated, which leads to plant
defense (Baker et al., 1997; Dangl and Jones, 2001).
Many pathogen Avr factors have been detected
through their activity as elicitors of plant resistance,
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which in most cases is manifested as a hypersensitive
response. However, the portion of these factors, for which
virulence function was later identified, is increasing,
particularly in bacterial pathosystems (Luderer and
Joosten, 2001; van’t Slot and Knogge, 2002). The plant-
fungus pathosystem, where this has been best studied
at the molecular level, comprises tomato (Solanum
lycopersicum) and the leaf mold pathogen Cladosporium
fulvum (Joosten and de Wit, 1999; Rivas and Thomas,
2005). Tomato Cf genes conferring resistance to races
of C. fulvum encode transmembrane proteins with ex-
tensive extracellular Leu-rich repeat domains and
very short cytoplasmic tails, suggesting extracellular
interaction with the corresponding Avr determinants
(Jones and Jones, 1997; Takken and Joosten, 2000).
However, Avr proteins AVR2, AVR4, and AVR9 do not
bind to their R protein counterparts. AVR2 binds and
inhibits the extracellular tomato Cys protease Rcr3,
and the enzyme-AVR2 complex is proposed to activate
Cf-2-dependent resistance (Rooney et al., 2005). AVR4
was found to bind very efficiently to chitin, thus
protecting fungal cell walls from degradation by plant
chitinases (Westerink et al., 2002; van den Burg et al.,
2003, 2004), but it remains unclear how the Cf-4
protein is activated. The intrinsic function of AVRY,
the first Avr protein identified in a fungal pathogen, is
not known. However, the peptide shows structural
homology to the potato (Solanum tuberosum) carboxy
peptidase inhibitor (Vervoort et al., 1997). Extensive
studies have failed to demonstrate direct interaction
with the matching Cf-9 protein (Luderer et al., 2001).
Furthermore, plasma membranes from both resistant
(Cf-9) and susceptible (Cf-0) plants, as well as from
other solanaceous species, displayed high-affinity
AVR9-binding sites with similar properties (Kooman-
Gersmann et al., 1996). As with AVR2 and AVR4, the
corresponding R gene, Cf-9, therefore does not encode
the primary AVR9-binding site. Instead, the proposed
models for the AVR9-induced resistance response as-
sume the formation of a heterotrimeric signal percep-
tion complex involving a nonspecific primary receptor,
the ligand AVR9Y, and a specific signal transducer to
initiate the signaling process in resistant (Cf-9) plants
that leads to defense activation (Kooman-Gersmann
et al., 1998; Joosten and de Wit, 1999; Luderer et al.,
2001).

Tomato Cf gene products are transmembrane pro-
teins. In contrast, the majority of plant R genes char-
acterized to date encode cytoplasmic proteins, suggesting
they guard intracellular targets (Takken and Joosten,
2000). Gram-negative phytopathogenic bacteria pos-
sess a type III secretion system that mediates the
direct delivery of bacterial effector proteins into the
host cytoplasm (Galan and Collmer, 1999; Bonas and
Lahaye, 2002). For fungal phytopathogens, no such
mechanism has been identified to date. Nevertheless,
evidence for intracellular recognition of Avr proteins
by plant R proteins does exist in fungi and oomycetes.
The Avr gene, AVR-Pita, from the rice (Oryza sativa)
blast fungus, Magnaporthe grisea (Orbach et al., 2000),
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encodes a predicted secreted metalloprotease that
causes a hypersensitive response in the presence of
the intracellular rice R gene product, Pi-ta (Bryan et al.,
2000; Jia et al., 2000). Direct interaction between AVR-
Pita and Pi-ta was observed using the yeast (Saccharo-
myces cerevisiae) two-hybrid system and far-western
analysis (Jia et al., 2000). In addition, proteolytic cleav-
age of the R protein may be crucial for Avr function
because mutations in the putative protease active site
render the protein inactive as a defense elicitor. The
products of the Avr genes AvrL567, AvrM, and AvrP4
from the flax (Linum usitatissimum) rust Melampsora
lini, when lacking their predicted signal sequence, are
recognized inside plant cells when they are coex-
pressed in planta with the respective R genes (Dodds
et al., 2004; Catanzariti et al., 2006). Likewise, expres-
sion of the Avr3a gene from Phytophthora infestans in its
host plant potato carrying the R gene R3a, as well as
coexpression of both genes in Nicotiana benthamiana,
resulted in a resistance response after removal of the
signal peptide-encoding sequence, suggesting cyto-
plasmic interaction (Armstrong et al., 2005). Recently,
a host-targeting signal with an RxLx(E, D, or Q) core
motif was identified in the leader sequence of the
Avr3a protein, as well as of other secretory oomycete
proteins (Bhattacharjee et al., 2006). This motif was
originally defined to enable translocation of effector
proteins from the Malaria parasite Plasmodium falcipa-
rum across mammalian membranes (Hiller et al., 2004;
Marti et al.,, 2004). Evidence for the existence of a
mechanism in the host plasma membrane for the
translocation of secreted fungal effector proteins also
comes from work on proteins expressed in haustoria of
two related rust fungi, Uromyces fabae and Uromyces
striatus (Kemen et al., 2005). Using polyclonal antisera,
the functionally unknown protein RTP1p was also
found inside the cells of the respective hosts, broad
bean (Vicia faba) and alfalfa (Medicago sativa). For
several of the effector proteins, it was shown that the
pathogen is not required for host cell entrance, sug-
gesting a host plant-encoded transport mechanism
(Catanzariti et al., 2006). In this context, it may be
noteworthy that sensitivity of wheat (Triticum aesti-
vum) toward the intracellularly acting protein toxin
Ptr ToxA from Pyrenophora tritici-repentis appears to be
mediated through protein import, not through an
intracellular target (Manning and Ciuffetti, 2005).
Interaction between the imperfect fungus Rhyncho-
sporium secalis, the causal agent of barley (Hordeum
vulgare) scald, and its host plant also complies with the
gene-for-gene scheme (Knogge and Marie, 1997). The
Avr gene, AvrRrsl, from R. secalis is one of the still
limited number of fungal Avr genes characterized to
date. After removal of a 22-amino acid signal peptide,
the mature gene product, termed NIP1, is a 60-amino
acid elicitor of defense reactions in barley cultivars
carrying the R gene, Rrs1 (Hahn et al., 1993; Rohe et al.,
1995; Steiner-Lange et al., 2003). However, unlike in
many other plant-pathogen interactions, a hypersen-
sitive response is not observed in resistant barley
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(Lehnackers and Knogge, 1990). In addition to its role as
an Avr determinant, NIP1 belongs to a small group of
secreted toxic proteins, which cause scald-like lesions
in a genotype-unspecific manner when they are in-
jected into leaves of barley (Wevelsiep et al., 1991) and
other cereal plant species, such as wheat, rye (Secale
cereale), and oat (Avena sativa), but not of Arabidopsis
(Arabidopsis thaliana; W. Knogge, unpublished data).
Furthermore, at subnecrotic concentrations, NIP1 indi-
rectly stimulates the plasma membrane-localized H™-
ATPase regardless of the plant R genotype (Wevelsiep
et al.,, 1993; Fiegen and Knogge, 2002). Therefore, a
virulence role of NIP1 has been proposed and targeted
disruption of the NIP1 gene indeed slightly reduced
fungal virulence on susceptible plants compared to the
NIP1-expressing wild-type strain (Knogge and Marie,
1997).

R. secalis strains virulent on Rrs1 barley plants either
lack the NIP1 gene or carry point mutations in the
coding sequence that result in single amino acid
alterations, which strongly reduce or abolish the bio-
logical activity of the gene product (Rohe et al., 1995).
Comparison of the deduced amino acid sequences
encoded by NIP1 alleles from more than 200 fungal
isolates so far led to the classification of 18 NIP1
variants (Rohe et al., 1995; Schiirch et al., 2004), two of
which may not be expressed properly due to muta-
tions in the start codon and in the acceptor splice site,
respectively. Of the remaining 16 variants, four have
been studied in more detail. NIP1 types I and II, which
were found in >50% of all NIPl-carrying fungal
isolates (Schiirch et al., 2004), are elicitor active on
Rrs1 barley, with type II showing somewhat lower
activity than type I. In contrast, types III and 1V are
drastically less active or inactive (Rohe et al., 1995;
Fiegen and Knogge, 2002). Interestingly, the Rrsl-
specific elicitor activity of these four NIP1 variants
appears to correlate with their nonspecific toxic lesion-
inducing activity and H"-ATPase stimulation in barley
(Fiegen and Knogge, 2002). These observations strongly
suggest that elicitor receptor (triggering resistance)
and toxin receptor (conditioning disease) are identical.

Here we describe the presence of a single class of
high-affinity NIP1-binding sites in microsomal mem-
branes of resistant and susceptible barley and other
cereal plant species. Comparison of the affinity of dif-
ferent NIP1 variants to the receptor with their capacities
to elicit defense reactions and to stimulate H " -ATPase
suggests that both activities are mediated through a
single receptor, but that receptor binding is not suffi-
cient for the response.

RESULTS
Expression and Purification of NIP1 Variants

Expression and purification of NIP1 type I has been
previously reported (Gierlich et al., 1999). cDNA en-
coding the type II protein was obtained by reverse
transcription-PCR using RNA from R. secalis, isolate
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AU1 (Rohe et al., 1995), as a template. Types 11, III, and
IV have three amino acid alterations in common that
distinguish them from type I (Fig. 1). In addition,
elicitor-inactive types III and IV are specified by the
single amino acid alterations Ser-23 — Pro and Gly-45
— Arg, respectively (Rohe et al., 1995). These unique
amino acids were introduced into the type I sequence
by site-directed mutagenesis to yield proteins termed
type III* and type IV*. All constructs were cloned into
the pQE-30 expression vector (Qiagen) with a se-
quence encoding a factor Xa cleavage site 5’ of the
sequence coding for the mature NIP1, which allowed
the removal of the His tag. All NIP1 variants were
expressed in Escherichia coli purified from inclusion
bodies and subsequently refolded (Gierlich et al.,
1999). Purity and masses of the proteins were con-
firmed by matrix-assisted laser-desorption ionization
(MALDI)-time of flight (TOF) yielding 6,433.66 D for
type 1, 6,508.0 D for type II, 6,442.60 D for type III*, and
6,531.84 D for type IV*.

Elicitor and H*-ATPase Stimulating Activities of
NIP1 Variants

Infection of Rrsl barley leaves (‘Atlas 46’) by avir-
ulent isolates of R. secalis induces rapid and strong ac-
cumulation of mRNA encoding pathogenesis-related
protein 5 (PR5). This response was also triggered upon
application of purified or recombinant NIP1 type I to
the leaf surface of Rrs1 barley, but not after application
to rrs1 barley (“Atlas’; Hahn et al., 1993; Gierlich et al.,
1999). Purified NIP1 type II induced the same RrsI-
specific PR5 mRNA accumulation, albeit with lower
efficiency, whereas purified protein types III and IV
were drastically less active or inactive as elicitors and
H*-ATPase stimulators (Rohe et al., 1995; Fiegen and
Knogge, 2002). Induction of PR5 mRNA accumulation
was again used to characterize the elicitor activity of
the different recombinant NIP1 variants. To detect any
minor activity, a saturating concentration of 10 um of
the recombinant proteins was used. Under these con-
ditions, type III* retained only very weak activity on
‘Atlas 46" (Rrs1), whereas type IV* did not show any
elicitor activity. In addition, both variants were inac-
tive on ‘Atlas’ (rrs1; Fig. 2A). Therefore, the two in-
dependent mutations specifying type III and type 1V,
respectively, suffice to drastically reduce or even abol-
ish elicitor activity. NIP1 types I and II exhibited similar

| ‘ DRCRYTLCCDGALKAVSACLHESESCLVPGDCCRGKSRLTLCSYGEGGNGFQCPTGYRQC ‘
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Figure 1. Primary sequence of the mature NIP1 type | and amino acid
positions deviating from this sequence in types Il to IV, III*, and IV*.
Types | to IV are natural variants, whereas types llI* and IV* were
generated by targeted mutagenesis of the type | sequence.
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Rrs1-specific elicitor activity. However, using lower
protein concentrations revealed the difference in their
elicitor activities on the RrsI cultivar (Fig. 2B). Based
on phosphoimager-assisted quantification of northern
hybridization results and nonlinear regression analy-
sis (Fig. 2C), ECy, values of 0.22 and 2.14 uM, respec-
tively, were calculated for types I and II with similar
maximal activities (Table I).

Types III and IV were also unable to stimulate the
barley plasma membrane H'-ATPase, suggesting that
the effect on the membrane enzyme is mediated by the
same receptor as elicitor activity (Fiegen and Knogge,
2002). When previous data on the stimulatory activity
of types I and II (Wevelsiep et al., 1993; Fiegen and
Knogge, 2002) were reevaluated, nonlinear regression
analysis favored a sigmoidal rather than a hyperbolic
concentration response curve, with type II displaying
only approximately 65% of the maximal stimulation
obtained with type I. In contrast to elicitor activity,
similar EC;; values of 2.35 and 2.86 uM were calculated
for H'-ATPase stimulation by types I and II, respec-
tively (Fig. 2D; Table I).

Iodination of NIP1

To study the binding of NIP1 to plant plasma mem-
branes, protein was radioactively labeled with iodine-
125 (*®I). The lactoperoxidase-Glc oxidase method was
used, which directly labels the protein by substituting
2T ortho to the hydroxyl group of Tyr phenolic rings
(McFarthing, 1992). NIP1 contains three Tyr residues
and, hence, six putative iodination sites that may give
rise to mixtures of protein labeled at single or multiple
sites. Therefore, the method was developed and opti-
mized using nonradioactive 1271 After iodination, sev-
eral protein peaks were separated by reverse-phase
(RP)-HPLC (data not shown). Analysis by MALDI-TOF
mass spectroscopy revealed that noniodinated NIP1
(6,443 D) eluted first, followed by a monoiodinated
protein form (6,563 D) in the second major fraction. In
contrast, the third major fraction and the following
minor fractions contained mixtures of mono- and di-
substituted and di- and trisubstituted NIP1.

Monoiodinated NIP1 was tested for its biological
activity in barley leaves. The position of '*'T is not
known. However, iodination did not significantly af-
fect the capacity of NIP1 to induce lesion formation
in rrs1 barley and PR5 mRNA accumulation in Rrs1
barley (data not shown). In addition, structure and
activity of the iodinated elicitor were stable in solution
for at least 3 d at room temperature. Using the opti-
mized protocol for labeling and purification, '*I was
commercially incorporated into NIP1 type I. This
2LNIP1 coeluted during RP-HPLC with the mono-
iodinated protein in fraction 2.

Binding of 'I-NIP1 to Barley Microsomes

Binding of '*I-NIP1 to microsomal membranes from
primary leaves of barley ‘Atlas 46’ (Rrs1) was inves-
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Figure 2. NIP1-elicited PR5 mRNA accumulation and H*-ATPase
stimulation. A, RNA gel blot using RNA from primary leaves of barley
‘Atlas 46’ (Rrs1) and ‘Atlas’ (rrs1) 24 h posttreatment with NIP1. Leaves
were either inoculated with spores of the NIP1 type I-expressing fungal
isolate UK7 (F) or treated with 10 uL of a NIP1 solution containing
25 um NIP1 type [, 11, HlI*, IV¥, respectively, in 0.05% Tween 20. As a
control (C), leaves were treated with 10 uL of 0.05% Tween 20. B, RNA
gel blot using RNA from primary leaves of barley ‘Atlas 46’ 24 h
posttreatment with 10 uL of NIP1 type I (I) or type Il (Il) solutions
containing increasing protein concentrations (1, 0.77 um; 2, 1.55 um;
3, 2.34 um). Nonlinear regression analysis (C) of a representative RNA
gel blot after phosphoimager-assisted quantification and of H*-ATPase
stimulation (D; mean values from Wevelsiep etal., 1991, 1993). Type |,
m typell, A.
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Table 1. Binding constants of NIP1 variants and comparison with activities of NIP1 types | and Il

Binding H*-ATPase Stimulation Elicitor Activity
NIP1 Type P oA b c d b C d
K, K, Ratio ECs, Eoo IRA IRE ECs, Eo IRA IRE
nm um % M Pl Units
| 5.6° 2.35 61.2 1.82 0.22 1.06 X 10° 8.94
Il 734! 130 2.86 40.9 72.0 2.14 1.15 X 10° 14.7
1 Approximately 7308 - -
v Approximately 7308 - -
1Ty 13.7° - -
% 6.8' - -

K type 1I/K; type I.
[PI] units). “Intrinsic relative activity.
K. ®Expected.

PMaximal response: stimulation of the H*-ATPase (% of unstimulated activity), PR5 mRNA accumulation (phosphoimager
dIntrinsic relative efficacy:intrinsic efficacy (¢) of type Il expressed relative to that of type I.

°K,.

tigated at room temperature. A vacuum filtration
technique was used to separate free from bound
ligand to decrease the loss of bound radioactivity
caused by rapid dissociation of the receptor-ligand
complex. Highest binding activity was found between
pH 6 and pH 7.5, whereas the optimum temperature
was around 21°C. At 37°C, rapid and irreversible
precipitation of the microsomes occurred independent
of the presence of NIP1. Specific binding of '*I-NIP1
to barley microsomes represented about 60% of total
binding at an initial ligand concentration of 250 pM.
Less than 5% of the initially applied ligand became
bound to microsomal membranes, reducing the pos-
sibility that ligand depletion interfered with the char-
acterization of the NIP1-binding site. The amount of
specifically bound radioactive ligand increased line-
arly with increasing amounts of membrane protein
ranging from 30 to 200 ug of protein in the standard
assay (data not shown).

To localize the specific binding site, binding assays
were performed using 125 pM '"”I-NIP1 and plasma mem-
brane vesicles prepared by phase partitioning from
leaves of barley “Atlas 46" (Kjellbom and Larsson, 1984;
Wevelsiep et al., 1993) as well as microsomes obtained
from epidermis tissue mechanically peeled off “Atlas
46’ primary leaves. Per milligram of membrane pro-
tein, the plasma membrane vesicles bound a 2-fold
higher amount of radiolabeled ligand compared to
microsomal membranes. Similarly, epidermis-derived
microsomes showed more than 4-fold higher binding
compared to whole-leaf microsomes (data not shown).
These results suggest that the binding site may be
localized on the plasma membrane, in particular of
epidermis cells. This would agree with the previous
observation that right-side-out orientation is required
for ATPase stimulation by NIP1 (Wevelsiep et al., 1993).
Nevertheless, all further experiments were performed
with microsomal membranes from whole leaves.

Characterization of the NIP1-Binding Site in Barley

Analysis of elicitor-binding kinetics demonstrated
that, before equilibrium is reached, at 125 pM '*I-NIP1
association is faster than dissociation. Half-maximal
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binding was achieved within 15 min after addition of
the ligand and equilibrium between association and
dissociation was reached after about 60 min (Fig. 3A).
Nonspecific binding only slightly increased during
this time. Addition of a 1,000-fold molar excess of
unlabeled NIP1 at t = 60 min initiated the dissociation
of bound radioactive NIP1 with a dissociation rate con-
stant (K ;) of 3.3 X 107°/s and a half-life of approxi-
mately 3.5 h, demonstrating that binding of "*I-NIP1 to
barley microsomes is a reversible process. However,
about 25% of the bound ligand was not displaced after
60 min, indicating a stable receptor-ligand complex or
incomplete reversibility of binding.

To obtain further information on the nature of the
binding site and to test whether NIP1-binding corre-
lates with the presence of the R gene, Rrs1, saturation-
binding experiments were performed. Microsomal
membranes from the resistant and the susceptible barley
‘Atlas 46’ (Rrs1) and ‘Atlas’ (rrs1), respectively, were
incubated with increasing amounts of '*I-NIP1. No
significant difference between the binding curves was
observed regardless of the origin of the membranes
and a saturation state was achieved at a ligand concen-
tration of approximately 60 nm (Fig. 3, B and C). Using
the combined binding data, the dissociation constant
K4 was determined by nonlinear regression to be 5.6
nM (SE = 1.0 nm). A linear display of the data in a
Scatchard plot (Fig. 3D) suggests a single class of NIP1-
binding sites, whose concentration was calculated to
be 255 fmol (st = 15 fmol) per milligram of microsomal
membrane protein.

Equilibrium competition-binding experiments were
performed and K; values calculated to compare the
affinity of the binding site to different competitors.
Competition of both nonradioactive 'I-NIP1 (data
not shown) and noniodinated NIP1 (Fig. 4A) with 125
pM 'PL-NIP1 yielded very similar K; values. This
indicated that iodination does not affect the binding
properties of NIP1, thus allowing the use of noniodin-
ated NIP1 as a competitor in binding assays. In con-
trast, 2-mercaptoethanol-reduced HPLC-purified NIP1
did not compete for binding at a concentration of 1 um
(data not shown). This is in agreement with the ob-
servation that reduction of NIP1 abolishes its elicitor
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activity. The Hill slope of the competition curve was
determined to be —1.03, again indicating a single class
of binding sites.

NIP1 Types as Competitors in Binding Experiments

Equilibrium competition-binding experiments were
also performed using the naturally occurring NIP1
type II and the two mutant proteins types III* and IV*
(Fig. 4, B-D). The elicitor-active protein type Il has a K;
of 734 nv, a value 130-fold higher than the K of type I
(Fig. 4E; Table I). In contrast, with K; values of 13.7 and
6.6 nM, respectively, both inactive mutant protein types
III* and IV* have affinities for the NIP1-binding site
resembling that of type I (Fig. 4F). Very similar results
were obtained with microsomes from the susceptible
barley ‘Atlas’ and from barley plants heterozygous for
the Rrs1 locus (data not shown). Types III and IV were
not used in competition experiments. However, from
their structural similarity to type II, their K; values can
be expected to be close to the K; of type II (approxi-
mately 730 nm).

Comparison of the Relative Efficacies of the
NIP1 Variants

The affinity of type I to the binding site by far
exceeds that of type II, whereas their EC;, values for
elicitor activity differ only by a factor of 10 with similar
maximal PR5 mRNA accumulation (E,,,). In the other
functional assay of NIP1, stimulation of the barley
plasma membrane H*-ATPase, similar ECy, values
were obtained for types I and II. However, in contrast
to elicitor activity, the two variants differ in their
maximal activities. Therefore, the structural differ-
ences between types I and II appear to affect affinity
and efficacy in an opposing way. Calculation of the
intrinsic activities and estimation of the intrinsic effi-
cacies relative to each other using EC, E, ., and
equilibrium dissociation constants (K, K;) provides a
means to quantitatively compare and assess the con-
tribution of the efficacy factor to activity (Table [;
Ehlert et al.,, 1999). The results reveal that both as
H'-ATPase stimulator and even more distinct as elic-
itor type I shows a higher intrinsic activity (IRA) relative
to type II. When the greatly differing equilibrium dis-
sociation constants are taken into account, however,
the relationship is reversed, with type II displaying a
substantially higher intrinsic efficacy (IRE) relative to
type I in both responses.

Binding of NIP1 to Microsomes from Other Cereal
Plant Species

NIP1 is a genotype-unspecific toxin inducing scald-
like lesions in other cereal plant species including
nonhosts, such as wheat (Wevelsiep et al., 1993). There-
fore, microsomal membranes were also isolated from
wheat, rye, oat, and maize (Zea mays), as well as from
Arabidopsis. Equilibrium competition-binding exper-
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iments revealed the presence of a NIP1-binding site in
microsomes from all tested monocotyledonous species
with K, values in a narrow window of ligand concen-
tration ranging from 50% (rye) to 290% (maize) of that
of barley (Fig. 5). The concentration of binding sites
per milligram of microsomal protein varied in the
different species (wheat, 220 fmol; rye, 150 fmol; oat,
110 fmol; maize, 40 fmol). In contrast, under the
conditions applied, NIP1 did not show any affinity
for microsomes from the dicotyledonous species Arab-
idopsis (Fig. 5).

DISCUSSION

Fungal Effector Protein NIP1 Interacts with a Single
Class of High-Affinity Binding Sites

The small secreted effector protein NIP1 from the
barley pathogen R. secalis has dual functions. It is a
potential virulence factor as reflected by its necrosis
induction in leaves of barley and of other cereals
and its stimulation of the plasma membrane-localized
H'-ATPase, both regardless of the plant R genotype
(Wevelsiep et al., 1991, 1993). Additional evidence for
this role was provided by a NIP1 gene replacement
mutant that exhibited a slightly weaker virulence
phenotype producing reduced and delayed lesions
on barley leaves compared to the wild-type strain
(Knogge and Marie, 1997). In addition, however, NIP1
is an Avr factor triggering defense reactions specifi-
cally in barley plants carrying R gene Rrs1, but not in
rrs1 plants (Hahn et al., 1993; Rohe et al., 1995; Steiner-
Lange et al., 2003). These opposing functions prompted
the question as to how the protein is perceived by the
plant (Knogge, 1996). Different activities may result
from NIP1 binding to two separate receptors on the
host membrane. Alternatively, a single receptor may
mediate both functions of the protein. In this case, the
Rrsl gene may not encode the NIP1 receptor, but
rather an additional factor located downstream of
binding in the signaling pathway. The data presented
in this article demonstrate the presence of a single class
of high-affinity NIP1-binding sites for which all four
NIP1 variants compete. In conjunction with the obser-
vation that amino acid alterations that affect the H'-
ATPase-stimulating and necrosis-inducing activity of
NIP1 also influence its elicitor activity (Rohe et al.,
1995; Fiegen and Knogge, 2002), this finding suggests
that a single membrane-localized target molecule is
involved in both triggering resistance and mediating
virulence.

Binding of various elicitors, in particular of MAMPs/
PAMPs, to plasma membrane-localized receptors of
several plants has been studied. For instance, a 13-
amino acid ehc1tor peptide (Pep-13), a surface-exposed
fragment of a Ca’ -dependent cell wall transglutaminase
from Phytophthora sojae (Brunner et al., 2002), binds to
its receptor on parsley (Petroselinum crispum) plasma
membranes with a K; of 2.4 nM (Niirnberger et al.,
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Figure 3. Binding of the '’I-NIP1 ligand to barley microsomal mem-
branes is saturable and of high affinity. A, Time courses of specific
ligand binding to barley membranes and displacement by unlabeled
NIP1. Assays were initiated by the addition of 125 pM '**I-NIP1 to
barley microsomes (50 ug membrane protein). Total binding (@),
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1994). For elicitins, another class of secreted Phytoph-
thora proteins triggering defense reactions in tobacco
(Nicotiana tabacum), K, values between 2 and 13.5 nm
have been reported (Wendehenne et al., 1995; Bourque
et al., 1998). For one of the most active bacterial elic-
itors, flg22, a 22-amino acid flagellin-derived peptide,
a K4 value of 1 to 2 nm was estimated for binding to
tomato membranes (Meindl et al., 2000). Recently, it
was demonstrated that flg22 in Arabidopsis is bound
by FLS2, a transmembrane receptor-like kinase with
an extracellular Leu-rich repeat domain (Gomez-
Gomez and Boller, 2000; Chinchilla et al., 2006). Of
saccharide elicitors, a hepta-B-glucoside from cell walls
of P. sojae displayed a low K, (0.75 nm) for binding
to soybean (Glycine max) membranes (Cheong and
Hahn, 1991). A B-glucan-binding protein was iden-
tified (Umemoto et al., 1997; Mithofer et al., 2000) that
contains a 1,3-B-glucanase domain releasing oligo-
glucoside fragments that constitute ligands for the
high-affinity binding domain (Fliegmann et al., 2004).
Furthermore, chitin perception has been studied in
several plants. A K, of 23 nM was described for the
binding of a chitin fragment with a degree of poly-
merization (DP) of 5 to tomato membranes (Baureithel
et al., 1994), whereas for membranes from soybean cell
cultures and root tissues, K; values between 35 and
75 nMm were reported for two chitin ligands (DP = 5 and
DP = §; Day et al,, 2001) and a K4 of 29 nMm for rice
membranes (Shibuya et al., 1996). In rice cells, a trans-
membrane chitin oligosaccharide elicitor-binding pro-
tein was isolated that carries two extracellular LysM
motifs (Kaku et al., 2006). These latter motifs also occur
in Ser-Thr receptor kinases involved in specific recog-
nition of nod factors (Radutoiu et al., 2003; Knogge and
Scheel, 2006). Very low K, values of 0.07 and 0.05 nm,
respectively, were described for the Avr gene products
AVR9 and AVR4 from the tomato pathogen C. fulvum
(Kooman-Gersmann et al., 1996). Whereas the plant-
binding site for AVR9 remains to be characterized,
AVR4 was shown to bind to fungus-derived nonpro-
teinaceous components (Westerink et al., 2002) and
with lower affinity to chitin fragments (DP = 6; K; =
6.3 uM; van den Burg et al.,, 2004). However, in both
cases, it remains unclear how plant defense is acti-
vated. The K, of 5.6 nm that was determined for NIP1

nonspecific binding (A), and binding after displacement of bound
1251_NIP1 by unlabeled NIP1 initiated 60 min after addition of the radio-
ligand (O) were assayed at the times indicated. To determine specific
binding (A), nonspecific binding was subtracted from total binding.
Nonspecific binding and displacement of bound '*’I-NIP1 were deter-
mined in the presence of 125 nm unlabeled NIP1. Data points represent
the averages of three independent experiments with comparable re-
sults. B, Specific binding of '**I-NIP1 to microsomal membranes from
barley ‘Atlas 46’ (@) and ‘Atlas’ (OJ), using increasing amounts of
radioligand. C, Specific binding of 'I-NIP1 to barley microsomal
membranes, using increasing amounts of radioligand. Symbols as in A.
D, Scatchard plot displaying the specific binding data derived from C.
K, (5.6 nm) and number of binding sites (255 fmol X mg™' microsomal
protein) were determined by nonlinear regression.
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Figure 4. Competition for '**I-NIP1 binding to barley microsomal membranes with different variants of unlabeled NIP1 as
competitors. A, Type I. B, Type II. C, Type IlI*. D, Type IV*. All samples were taken from the same experiment. All data points
represent the average of three independent measurements. E and F show normalized competition curves for type | (O) and type Il
(@, compare with A and B) and for type | (O), type IlI* (A), and type IV* (®; compare with A, C, and D), respectively. For
transparency reasons, the error bars are not shown in E and F.

type I is within the range of most elicitor-receptor
systems analyzed to date. In contrast, the K; of NIP1
type II was calculated to be 734 nm, a value substan-
tially higher than most published data. The type II
protein therefore displays much lower affinity to the
binding site than NIP1 type 1.

Half-maximal binding of type I and type II is
reflected by their K, and K, values. The concentrations
required for half-maximal response induced by type II
exceed its K, by a factor of only 3 to 4. In contrast,
substantially higher concentrations of type I relative
to its Ky are needed for half-maximal elicitor activity
(approximately 40X) and H'-ATPase stimulation
(approximately 400X). Similar apparent discrepancies
between binding and response have also been de-
scribed for other receptor-ligand interactions. For the
fungal phytotoxin fusicoccin, a concentration 100-fold
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higher than the K; of 1 nM was necessary to stimulate
the plant plasma membrane H'-ATPase (Basel et al.,
1994). An even larger difference (approximately 4,000-
fold) between K, value and the minimal elicitor
concentration required for inducing a hypersensitive
response in tomato leaves was described for the AVR9
elicitor from C. fulvum (Kooman-Gersmann et al., 1996).
However, the quantitative comparison of affinities and
activities needs to be interpreted with caution. First,
different types of assays were used. In binding studies,
the direct molecular interaction between NIP1 and
its microsomal-binding site is quantified. In contrast,
EC;, values result from indirect functional assays in
which ligand-receptor interaction, at least in defense
activation, initiates a multifactor signaling process that
eventually leads to the downstream response. Second,
binding conditions, such as ionic strength and pH that
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were optimized for in vitro assays, may differ from
those in the plant apoplast. Third, the observed dif-
ferences may be due to inherent properties of the
different NIP1 types (see below). Fourth, binding and
response may not show a one-to-one relationship. This
was shown for flagellin binding and flagellin-induced
extracellular alkalinization, where the full response
occurred already when only a fraction of the receptor
was occupied (Meindl et al.,, 2000). In addition, al-
though the ligand is applied to the leaf surface in a
known concentration, its effective concentration at the
receptor sites inside the leaf cannot be determined, but
can be expected to be lower. Nevertheless, binding of
NIP1 types I and II to the microsomal-binding site
correlates with their efficacies as elicitor, at least at low
concentrations, and as H'-ATPase stimulators. This
provides good evidence that the binding site is rele-
vant for biological activity.

The NIP1-Binding Site Is Present in Barley and Other
Cereal Species

The apparent concentration of NIP1-binding s1tes in
barley microsomal preparations of 255 fmol X mg™ of
microsomal protein is in the same order of magnitude
as described for other elicitor-binding sites in plants
For the Pep-13 elicitor from P. sojae, 88 fmol X mg
were found in parsley cells (Niirnberger et al., 1994),
for different elicitins in tobacco, 234 to 403 fmol X
mg ' (Bourque et al., 1998), for the hepta-B-glucoside
from P. sojae in soybean cells, 1.2 pmol X mg~
(Cheong and Hahn, 1991; Cosio et al.,, 1998) for chitin
fragments in tomato, 2.45 pmol X mg~' (Baureithel
et al.,, 1994), and for soybean cells and roots, 7.6 to
12.2 pmol X mg~!(Day et al., 2001). In comparison, the
number of binding sites for the AVRY elicitor from
C. fulvum on tomato membranes is 800 fmol X mg™"
(Kooman-Gersmann et al., 1996).

The presence of a NIPl—binding site in microsomes
from barley, regardless of the R genotype, as well as
from rye, oat, wheat, and maize, the latter three being
nonhosts of R. secalis, but not from Arabidopsis, cor-
relates with the toxic effect of NIP1 on leaves of these
plants (Wevelsiep et al., 1991, 1993). In addition, their
similar binding characteristics indicate that the bind-
ing sites in those crops may be related. This suggests
that the binding site represents the virulence target of
NIP1, which appears to be common in cereals. Similar
results were obtained with the AVR9 elicitor from
C. fulvum, for which binding sites are also present in
plasma membranes from resistant (Cf-9) and suscep-
tible (Cf-0) tomato genotypes, as well as from other
solanaceous species (Kooman-Gersmann et al., 1996).

Binding of NIP1 to Barley Membranes Is Not Sufficient
to Trigger the Responses

Two single amino acid alterations, Ser-23 — Pro in
NIP1 type III and Gly-45 — Arg in NIP1 type IV are
sufficient to render NIP1 nontoxic and inactive as an
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Figure 5. A, NIP1-binding site in different cereals. Equilibrium com-
petition-binding experiments were carried out using microsomal mem-
branes from barley (@), wheat (), rye (A), oat (#), maize (&), and
Arabidopsis (O). B, Normalized competition data with the dotted lines
showing the competition curves for rye with the lowest and maize
with the highest IC; value, whereas the solid line represents barley. For
transparency reasons, error bars are not shown.

H"-ATPase stimulator and elicitor (Rohe et al., 1995;
Fiegen and Knogge, 2002). However, the inactive mu-
tant protein types III* and IV* still compete efficiently
for the NIP1-binding site, displaying K; values that are
close to the K, of the active NIP1 type L. In contrast,
NIP1 type II, differing in three amino acid positions
from type I, is a much weaker competitor of type I
in competitive-binding experiments. However, despite
its relatively low affinity compared to type I, type Il is
capable of efficiently inducing the synthesis of PR5
mRNA when applied to Rrs1 barley leaves (Rohe et al.,
1995; Fiegen and Knogge, 2002). In addition, isolates
of R. secalis carrying the type IlI-encoding NIP1 allele
are avirulent on Rrs1 plants. Furthermore, type II has
H"-ATPase-stimulating activity. In contrast, type III,
type III*, type 1V, and type IV* are all inactive as elic-
itors and fail to stimulate H'-ATPase activity (Fiegen
and Knogge, 2002). Furthermore, K; values similar to
that of type Il can be expected for the native NIP1 variants
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type Ill and type IV, which also contain the three type II-
specific amino acids. These results suggest that the affin-
ity of NIP1 variants to the binding site is not proportional
to its capacity to trigger the responses. The sigmoidal
concentration-response curves for H"-ATPase stimula-
tion indicate that the as-yet-unknown mechanism of
H'-ATPase stimulation differs from the induction of
PR protein biosynthesis, which yielded hyperbolic
concentration-response curves. In particular, some kind
of cooperativity appears to be involved in translating
NIP1 binding into the stimulatory response.

Structural differences between types I and II appear
to affect both affinity and activity, albeit in an opposing
way. Type I is characterized by a substantially higher
affinity to the binding sites than type II. This is,
however, only partly reflected at the activity level,
where the ECy, value of type I for elicitor activity
exceeds that of type Il only by a relatlvely low factor,
whereas the EC,, values for H'-ATPase are very
similar. In addition, maximal elicitor activities of the
two NIP1 variants are almost identical, whereas the
H'-ATPase stimulation of type II is lower than that of
type 1. This suggests that the amino acids leading to
stronger binding negatively affect the intrinsic effica-
cies of the protein, which are substantially higher for
type II as compared to type L

The lack of correlation between binding and re-
sponse of the different NIP1 variants cannot easily be
explained. The three- dlmensmnal structure of NIP1
has been elucidated by 'H- and *N-NMR spectros-
copy (van't Slot et al., 2003). The protein consists of
two domains containing two and three antiparallel
B-strands, respectively, which are linked by two di-
sulfide bridges each. The fifth disulfide bridge con-
nects the two protein domains, rendering the structure
rather rigid, except for two flexible loops. The Gly-45
— Arg mutation occurs near the base of one of these
loops, whereas the Ser-23 — Pro mutation is located
in a solvent-exposed B-turn on the same side of the
molecule. Both mutations are flanking a groove be-
tween the two protein domains, which may represent
the effector site. Two of the type II-specific amino acids
are located in the N-terminal domain of NIP1, the third
in the C-terminal domain. At least two of these amino
acids appear to be solvent exposed and may be in-
volved in binding to the primary target site.

A possible model for the signal transduction mech-
anism assumes bipartite functions of NIP1 and its
interaction with a plasma membrane-localized pro-
teinaceous binding site. NIP1 interacts through a re-
gion containing one or more of the type Il-specific
amino acids with a specific domain of the binding
protein. This causes a conformational change of the
target protein, allowing its interaction with the effector
site of NIP1 that contains the type III- and type IV-
specific amino acids. As a consequence, transduction of
the signal across the membrane is triggered (Knogge,
1996). This model is analogous to the address message
concept proposed for the activation of the flagellin
receptor complex in tomato; in a two-step mechanism
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involving conformational changes of both receptor
and ligand, binding of the flagellin N terminus (ad-
dress) to the receptor represents the first step that is
followed by activation of the response with the C
terminus (message) as the second step (Meindl et al.,
2000).

An alternative model would be similar to those
proposed for the AVR9/Cf-9 interaction (Joosten and
de Wit, 1999). Signal transduction may require an
additional protein to be involved in the NIP1/NIP1
target protein complex. This protein may be prevented
from interacting with the target-ligand complex by the
Ser-23 — Pro and Gly-45 — Arg mutations of NIP1,
which, however, do not affect the affinity for the pri-
mary binding site. In contrast, type II-specific amino
acids negatively affect the primary binding event,
but augment the capacity to interact with the putative
third component of the target protein complex.

In both models, primary binding of NIP1 is not the
crucial event distinguishing plant resistance and sus-
ceptibility and the Rrs1 gene is therefore unlikely to
encode the NIP1 target (Knogge, 1996). Because mu-
tations in NIP1 affect all activities of the protein, it
remains unclear where the 51gnahng pathways leading
to defense gene activation and to H'-ATPase stimula-
tion and necrosis induction branch off and, hence,
where the Rrs1 gene product is positioned in the sig-
naling chain. It is, however, tempting to speculate that,
in analogy to other systems, the Rrsl protem may
guard the NIP1 target, which mediates H"-ATPase
stimulation (van der Biezen and Jones, 1998).

MATERIALS AND METHODS
Plant Material and Growth Conditions

The near-isogenic barley (Hordeum vulgare) cultivars ‘Atlas 46’ (Rrs1) and
‘Atlas’ (rrs1), as well as fungal isolates were grown as previously described
(Lehnackers and Knogge, 1990).

Isolation of Microsomal Fractions and
Plasma Membrane Vesicles

Microsomal fractions and plasma membrane vesicles were isolated from
10-d-old barley leaves (Widell et al., 1982; Wevelsiep et al., 1993). All isolation
steps were performed at 4°C. Briefly, barley leaves were shortly infiltrated
under vacuum with ice-cold 50 mm HEPES buffer, pH 7.5 (0.5 M Suc, 5 mm
ascorbic acid, 1 mm dithiothreitol, 0.6% [w/v] water-insoluble polyvinylpyr-
rolidone phosphate, 1 mM phenylmethylsulfonyl fluoride). Subsequently, the
material was ground in a blender. Microsomal membranes were obtained by
filtration through four layers of Miracloth (Calbiochem) and two differential
centrifugation steps at 10,000¢ and 100,000g, respectively. Plasma membranes
were purified from the microsomal membranes by aqueous two-phase
partitioning (Larsson et al., 1988; Palmgren et al., 1990). After isolation, both
the microsomal membrane fractions and the plasma membrane-enriched
fractions were dissolved in 5 mm potassium phosphate buffer, pH 7.8 (0.33 m
Suc, 3 mm KCl) and subsequently homogenized in a glass potter (Braun).
Membranes were frozen in liquid nitrogen and stored at —80°C.

Preparation of NIP1

NIP1 was expressed in Escherichia coli as a His-tagged fusion protein
(Gierlich et al., 1999). Briefly, fusion protein was obtained from solubilized
inclusion bodies by affinity chromatography using a nickel-nitrilotriacetic
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acid agarose affinity chromatography column (Qiagen). Cystine bond shuf-
fling was facilitated using a previously described folding procedure (Beiboer
etal., 1996) that involves a Cys-cystine redox couple. Correctly folded peptide
was separated from misfolded peptides by RP-HPLC. A factor Xa cleavage
site between the mature NIP1 protein and the His tag allowed for the pre-
paration of a peptide with identical biochemical properties as the fungus-
derived protein. The amount of purified NIP1 was determined by OD,g,
measurement using a molar extinction coefficient of 5,040 L X mol™ ! X em™?,
as calculated based on the primary sequence (Gill and von Hippel, 1989), as
well as by using Bradford’s reagent (Bio-Rad).

Cloning, Expression, and Purification of NIP1 Variants

The cDNA encoding NIP1 type II was obtained by reverse transcription-
PCR on total RNA from Rhynchosporium secalis, isolate AU1, using primer
1 and oligo(dT). The amplified fragment was subjected to a second PCR
reaction using primers 1 and 2 (see “Primer Table”). Primer 1 is a modification
of earlier described primers (Gierlich et al., 1999). The amino acids specific for
variants III and IV were introduced into the type I sequence by site-directed
mutagenesis to yield the variants type III* and type IV*. 3’ primers 5 and 6
containing the mutations (underlined) were used along with 5’ primer 3 in a
first PCR step (see “Primer Table”). The products of this PCR were used as
megaprimers in combination with 3’ primer 4 in a second PCR step. Restric-
tion sites (underlined) for cloning were introduced through primers 1 and 4
(Smal) and primers 2 and 3 (BamHI). The final amplification products were
purified from agarose gels, digested with BamHI and Smal, and subsequently
cloned into the pQE30 expression vector (Qiagen). Expression of the three
variants in E. coli strain DHB4 (Boyd et al., 1987) and their purification was
performed as described above. MALDI-TOF analysis was used to verify the
molecular masses of the peptides. Elicitor activity was analyzed as previously
described (Hahn et al., 1993), routinely using a concentration of 20 ng X uL™!
(approximately 3 um).

Primer Table

Primer 1, 5'-GCGGCCCGGGTTAACATTGGCGAAATCCCGTCG-3’ (Smal);
primer 2, 5'-GCGCGGATCCATCGAAGGTAGAGATCGATGCAGATACAC-
CCTTGTTGC-3" (BamHI); primer 3 (pQE-30 5'), 5'-GCGCGGATCCATCG-
AAGGTAGAGATCGATGCAGATACACCCTTTGTTGC-3" (BamHI); primer
4 (pQE-30 3'), 5'-GCGGCCCGGGTTAACATTGGCGGTATCCCGTCG-3" (Smal);
primer 5 (IIT*, Ser — Pro), 5'-GGATTCTGGCTCATGTAGGCATG-3’; primer
6 (IV*, Gly — Arg), 5'-GCCACCTTCACGAATGAGC-3'".

Iodination of NIP1

NIP1 type I was modified with the nonradioactive isotope '¥’I by using the
lactoperoxidase-Glc oxidase system (Sigma; McFarthing, 1992). One hundred
microliters of a 1% D-Glc solution were added to 300 uL phosphate-buffered
saline, pH 7.0, containing 2 ug NIP1, 10 L of 100 um Nal, 1 ug Glc oxidase,
and 1 ug lactoperoxidase. After 10 min at room temperature, the reaction was
stopped by adding 20 uL of a mixture of 100 mg/mL metabisulfate and
10 mg/mL sodium azide. Reaction products were separated on an analytical
RP-HPLC column (Vydac protein C4, 0.46 X 25 cm; Macherey-Nagel) that was
eluted with an acetonitrile gradient using a Hewlett-Packard chromatograph
and subjected to MALDI-TOF mass spectrometric analysis. In addition,
elicitor activity of the protein fraction was analyzed as described previously
(Hahn et al., 1993). ®I-NIP1 was obtained from ANAWA Laboratories with
specific activity of 2,130 Ci/mmol and used in binding assays.

Binding of NIP1 to Membrane Fractions

Membranes were preincubated at room temperature for 15 min in 30 mm
HEPES, pH 7.0, 5 mm MgCl,, 1 g/L fatty acid-free bovine serum albumin
(binding buffer) at a membrane protein concentration of 0.5 ug/uL. Binding
was initiated by adding different concentrations of "®I-NIP1 in a volume of
10 nL. Nonspecific binding was determined in the presence of a 1,000-fold ex-
cess of unlabeled NIP1. Glass fiber microfilters (Whatman) were soaked for
several hours in 0.5% polyethylenimine and transferred to a sampling mani-
fold (Millipore). Filters were rinsed with 4 mL of ice-cold washing buffer
(binding buffer containing 0.5 M KCl). Filtration of the samples was carried out
under vacuum and filters were washed with 2 X 4 mL of binding buffer. The
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filters were subsequently transferred to 6-mL scintillation vials and 5 mL
Ultima Gold scintillation cocktail (Ducheva) were added. After overnight
incubation, radioactivity was counted in a scintillation counter (LS1800;
Beckman Instruments). Analysis of the data was performed using GraphPad
Prism for Windows, version 4.02 (GraphPad Software; www.graphpad.com).
From ICj, values that represent the competitor concentration competing for
50% of specific binding under the assay conditions, K; values were calculated
that represent the competitor concentration binding to 50% of the binding sites
at equilibrium in the absence of the radioligand using the Cheng-Prusoff
equation (Cheng and Prusoff, 1973).

Quantitative Comparison of Active NIP1 Variants

To allow a quantitative comparison of the activities of NIP1 types I and II,
the IRA and IRE were calculated using ECs, values, maximal activities (E,,,),
and equilibrium dissociation constants (K, K;) according to Ehlert et al. (1999).
The IRA of type I, which is equivalent to the product of its affinity (1/K) and
IRE relative to type II, was calculated using the following equation: IRA =
ECsor X Epaxa/ECsoq X Epaen- To estimate the contribution of the IRE to
activity, K4 and K; were included in the equation. The IRE (¢) of type Il relative
to that of type I was estimated using the equation /& = ECg; X E,,r X K/
ECsp1 X Eppaxr X Ko

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers EF683095 to EF683100.
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