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are on average largely unperturbed. We con-
clude that the observed changes in relaxation
rates result primarily from changes in the dy-
namic rather than structural properties of the
various clusters.

In the native structure, Trp®? is highly ex-
posed to solvent; the crystal structure shows
that its side chain is substantially disordered
(27), and NMR measurements in solution re-
veal dynamic behavior (35). By contrast, in the
denatured states (36), and particularly during
the early stages of folding (37), NMR experi-
ments indicate that this residue, like the other
tryptophan residues, is largely inaccessible to
solvent. Together with data from the hydrogen-
exchange protection experiments, we conclude
that in these nonnative states the B-domain
residues Trp®? and Trp®* associate with a na-
tivelike hydrophobic cluster in the o domain
involving Trp!'°® and Trp!!! that is itself strong-
ly linked to the other regions of nonrandom
structure. Thus nonnative interactions stabilize
a nativelike core. Presumably, the replacement
of the large hydrophobic tryptophan residue at
position 62 by glycine results in the destabili-
zation of this core. The resulting increase in
dynamic flexibility could reflect an increased
population of more extended structures in the
ensemble of interconverting conformers. A
polypeptide chain in such structures will under-
go conformational averaging much more rapid-
ly than in compact denatured states, where sig-
nificant energetic barriers are known to exist.

Our results suggest that, within the ensem-
ble of conformations representing the denatured
states of lysozyme, there are long-range inter-
actions that link clusters of residues that are not
close together in sequence. These results are
consistent with the hypothesis that steps that
involve the reorganization of the species
formed initially during the refolding of ly-
sozyme are likely to be key determinants of the
kinetics of the folding process (29, 30). Al-
though the folding of small proteins is domi-
nated by the search for nativelike contacts, in
the case of larger proteins, including those with
multiple domains, species with at least some
nonnative interactions can be important deter-
minants of the folding process (8). Such inter-
actions appear to be located primarily at the
interface between the two structural domains,
the region associated with the slowest step in
the folding of lysozyme (4).

The avoidance of misfolding and potential
aggregation of nonnative species is a key aspect
of the folding and long-term stability of pro-
teins. For example, single point mutations in
human lysozyme are responsible for the occur-
rence of systemic disease in which large quan-
tities of amyloid fibrils are deposited in a vari-
ety of internal organs (38). That a single amino
acid replacement can perturb the nonnative
state of the protein is of particular interest, as
the aggregation of partially or completely un-
folded species is the essential step in the devel-
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opment of the amyloid structures. Thus, al-
though a residue such as tryptophan may be
exposed in the native state for functional rea-
sons, it could be buried in the early stages of
folding to reduce the tendency of these tran-
siently populated species to aggregate. Such a
conclusion leads to the possibility that the se-
quence of a protein codes for structural charac-
teristics other than those of the native fold.
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A Functional Screen for the
Type Il (Hrp) Secretome
of the Plant Pathogen
Pseudomonas syringae

David S. Guttman,'*{ Boris A. Vinatzer,2*{ Sara F. Sarkar,’
Max V. Ranall,2 Gregory Kettler,? Jean T. Greenberg?

Type Il secreted “effector” proteins of bacterial pathogens play central roles in
virulence, yet are notoriously difficult to identify. We used an in vivo genetic screen
to identify 13 effectors secreted by the type Ill apparatus (called Hrp, for “hyper-
sensitive response and pathogenicity”) of the plant pathogen Pseudomonas syrin-
gae. Although sharing little overall homology, the amino-terminal regions of these
effectors had strikingly similar amino acid compositions. This feature facilitated the
bioinformatic prediction of 38 P. syringae effectors, including 15 previously un-
known proteins. The secretion of two of these putative effectors was shown to be
type lll-dependent. Effectors showed high interstrain variation, supporting a role
for some effectors in adaptation to different hosts.

The bacterial type III secretion system is
responsible for some of the most devastating
diseases of animals and plants. This remark-
able system enables a bacterium to strategi-

cally inject proteins directly into the host
cytoplasm or its extracellular milieu, and
thereby subvert host cellular processes (/-3).
The type III apparatus is required for patho-
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genesis and is highly conserved across a
broad range of Gram-negative bacterial
pathogens. Less conserved is the repertoire of
proteins exported (the type III secretome)
(1-3). Little is known about the function or
mechanism of action of phytopathogenic ef-
fectors, although several are known to en-
hance the growth rate and transmission po-
tential of the pathogen (4, 5). Avirulence
(avr) genes are a class of phytopathogenic
effectors that restrict host range (3). Most Avr
proteins are thought to be secreted through
the type III apparatus. Plants with the appro-
priate cognate resistance (R) genes recognize
Avr proteins and mount a defense response
characterized by a type of programmed cell
death (PCD) called the hypersensitive re-
sponse [HR (6)].

Variation in the constellation of effector
genes among related pathogenic strains may
facilitate adaptation to new hosts and permit
the rapid evolution of novel pathogen speci-
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Table 1. Characterization of effectors identified by in vivo screening in
PmaES4326 and functional genomic analysis of PtoDC3000. All hop genes
were sequenced to completion, with the exception of avr, .. For this
effector all characterizations were based on the PtoDC3000 homolog
(AAF1499) except for the Blast analysis which used the incomplete (inc)
sequence (40% missing). BLASTP and PSI-BLAST queries were done using the
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ficities (4, 7). To critically test this hypothe-
sis, a comprehensive analysis of the identity
and function of effector genes is necessary.
To achieve this end, we devised an in vivo
screen exploiting the modular nature of effec-
tors (5, 8~11) and the well-characterized in-
tracellular interaction, between the COOH-
terminus of the AvrRpt2 effector and its cog-
nate R protein, Rps2 (/2). Because the
COOH-terminal HR-inducing domain of
AvrRpt2 (lacking the NH,-terminal secretion
signal) is a good in vivo reporter for type III
secretion (5, 13), we were able to devise a
transposon containing the DNA coding for
AvrRpt281-255 to capture type III secretion
signals from unknown effector genes, also
known as hop genes [hrp/hrc outer protein
(14)] (Web fig. 1) (I5). Insertions of the
avrRpt251-23 transposon that create transla-
tional fusions with hop genes generate P.
syringae strains that induce the HR in an
Rps2-dependent manner upon infection of the
model host plant, Arabidopsis thaliana. The
screen relied on the type III secretion signal
and the endogenous promoter of the hop gene
and was thus highly specific. During infec-
tion at least one type IlI-utilizing pathogen
delivers one set of effectors to the extracel-
lular environment, and another set to the host
cell interior (/6). The precise mechanism

and Web note 4 (15).

governing the final location of an effector is
largely unknown. On the basis of the data
reported here, the final destination of the
Hop::AvrRpt281-255  fusions, inside plant
cells, appears to be driven largely by the
AviRpt281-255 moiety, although a specific
translocation signal for AvrRpt2 is not
known. This enabled the capture of type III
delivery signals from a broad variety of ef-
fectors that are likely to have a number of
different sites of action.

We chose to study effectors from P. sy-
ringae pv. maculicola strain ES4326
(PmaES4326) because the A. thaliana host
responses elicited by this strain are very well
characterized (/7-19). Approximately 75,000
independent transposon insertion strains were
screened (20). Twenty-five independent HR-
inducing  isolates  with  fusions to
AvrRpt281-255 jdentified 13 different hop
genes (Table 1) that, aside from hopPmaA,
were chromosomally located (21).

Seven Hop proteins had widely varying
degrees of similarity to known phytopatho-
genic effectors or P. syringae virulence fac-
tors (Table 1). These included a putative
ortholog and an apparent paralog (HopPmaB)
of AvrPphE (22, 23), the latter having a
eukaryotic NH,-myristoylation motif at ami-
no acid 2 that may facilitate targeting to host

nr database at the National Center for Biotechnology Information (47).
HopPtoO and HopPtoP were identified in the unfinished genome sequence
of PtoDC3000 and confirmed to be secreted by creating fusions with
AvrRpt281-255_ holPmaN was amplified by PCR from a cosmid with primers
designed on hopPmal. Additional information is presented in Web table 1

Effectors N*  Acct Homology (accession number) (bitBsI;QS\/LTue) Size %GC} Int(:;§e§ Linkage|| ;(/;aDa Locy
HopPmaA 7 AF458040 E. coli Hypothetical Protein (BAA36749) 118/3e-25 774 5445 284 18 C
HopPmaB 1 AF458041 Pph# AvrPphE (AAA67930) 47.8/4e-04 347 60.16 328 EEL 24 C

Pma AvrPphE,, . (AF458042) 59.7/4e-08
AvrPphE,_. 1 AF458042 Pph# AvrPphE (AA67930) 375/1e-103 362 58.02 307 EEL 16 C
HopPmaD 2 AF458043 Ppi** AvrPpiG1 (CAC16700) 59.4/7e-08 260 58.98 131 hOPPtOPPmaIII 8 M
Xcvtt AvrBst (AAD39255) 44.8/0.002
HrpW,, .. 1 AF458044 Ptoit HrpW (AAF71503) 367/1e-100 424 56.47 137 CEL 16 -
AvrE, . 1 AF458405 Ptoit AvrE (AAF71499) 712/0.0 1795 58.06 inc CEL 16 C
HopPmaG 1 AF458045 E. coli Lytic Transglycosylase, 35k, Precursor (S65868) 97.8/2e-19 413 5475 14 hopPmal 16 S
HopPmaH 1 AF458046 Bacillus subtilis Pectate Lysase PelB (E69674) 214/3e-54 540 56.99 226 16 -
HopPmal 4 AF458047 Legionella pneumophila Chaperone Protein Dnaj (P50025) 67.4/2e-10 432 60.67 315 14 C
HopPma) 2 AF458048 no homology - 149 5955 48 18 C
HopPmaK§§ 1 AF458049 no homology - 308 49.30 56 24 C
HopPmalL 2 AF458050 Pph# VirPphA (AAD47203) 135/7e-31 385 58.20 250 hopPmaG 20 C
HopPtoA1,,. 1 AF458051 Ptoi} HopPtoA1 (AAF71504) 550/1e-155 484 60.34 291 CEL 24 C
HolPmaN AF458391 Pph# VirPphA (AAD47203) 43.5/6e-04 155 63.25 18 C
Pma HopPmaL (AF45805) 133/3e-31
HopPtoO AF458392 Gallus gallus NAD(P)(+)—Arginine 51.2/1e-05 283 4650 200 24 C
ADP-Ribosyltransferase 2 Precursor (P55807)
HopPtoP AF458393 B. subtilis phage SPBc2 Putative Transglycosylase 53.9/2e-06 324 59.60 111 hopPmaD||| 20 C
(NPO46584)
HrpW (AAF71503) 47.4/3e-04

*Number recovered. tAccession number.

Effector Locus of the hrp cluster (44).
secretory pathway (S), no localization (-).

to hopPtoP,,,...

www.sciencemag.org SCIENCE VOL 295 1 MARCH 2002

1The mean %GC for PtoDC3000 = 58.56%.
avrRpt281-255 containing transposon. In the case of multiple recoveries, only the smallest fusion presented.

#P. syringae pv phaseolicola.

**p. syringae pv pisi.

§Number of amino acids from the hop start codon to the integration site of the
|IEEL, Exchangeable Effector Locus of the hrp cluster; CEL, Conserved
Based upon the subcellular localization program TargetP (www.cbs.dtu.dk/services/TargetP-1.0) (38). Chloroplast (C), mitochondrial (M),
t+ Xanthomonas campestris pv vesicatoria.

§§hopPmaK resides in an operon downstream of chpPmaK (chaperone of hrp outer protein PmaK), a gene encoding a homolog of the DspB chaperone (49).

11P. syringae pv tomato.
lllhopPmaD is linked
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cell membranes. HopPmaD was a member of
the Xanthomonas campestris AviBsT and
Yersinia pestis Yop] effector family present
in many plant and animal pathogens. Mem-
bers of this family induce PCD in both plant
and animal hosts. Although the similarity
between HopPmaD and AvrBsT is weak, all
the amino acids implicated in inducing PCD
were conserved (24). The first 20 amino ac-
ids of HopPmaD were very similar to those
found in the AvrPto effector (25), suggesting
recombination may generate new Aop genes.
HopPmal was similar to VirPphA, a P. sy-
ringae virulence protein not previously
known to be secreted (26). HolPmaN (Hop-
like) was a truncated, presumably nonfunc-
tional protein similar to HopPmaL that was
found through polymerase chain reaction
(PCR) analysis of PmaES4326. Orthologs of
the harpin HrpW effector and the virulence
protein AvrE were also recovered.

Five previously unknown Hops (including
two identified using bioinformatics; see be-
low) contained regions most similar to pro-
teins found in animal pathogens or nonpatho-
genic bacteria. HopPmaA had similarity to a
VT1- or VT2-Sakai prophage protein of un-
known function in pathogenic E. coli (27,
28). HopPmaG and HopPtoP were similar to
different transglycosylases. These enzymes
act on the bacterial peptidylglycan layer; one
such enzyme is required for flagellar forma-
tion (an assembly requiring a type Ill-like
apparatus) in Salmonella enterica (29). Hop-
PmaG and HopPtoP may similarly facilitate
assembly of the type III apparatus. HopPmaH
showed high similarity to a plant cell wall-
degrading pectate lyase, an enzyme important
for P. marginalis virulence (30). HopPmal
had COOH-terminal similarity to a DnaJ do-
main; such domains interact with the molec-
ular chaperone Hsp70 and alter its substrate
binding (37). HopPmal also had an ATP- or
GTP-binding site motif A (P-loop) at amino
acid 118, and three full and one partial pro-
line-rich tandemly repeated sequences (32).
These latter repeats are present nearly five
times in the PtoDC3000 homolog (32). The
variable numbers of repeats could be impor-
tant for adaptation to different hosts, similar
to some Xanthomonas campestris effectors
with  repeated segments (33). The
hopPmal’-3'3::avrRpt2%7-?>° insertion strain
had reduced virulence (Fig. 1, A and B).
Finally, HopPtoO had a myristoylation motif
at amino acid 2 and similarity to a region of
an NAD(P)(+)-arginine ADP-ribosyltrans-
ferase 2 precursor that was also present in the
P. aeruginosa effector ExoS (34).

All  hop::avrRpt25-25°  strains showed
RPS2-dependent HRs (Web table 1), indicating
that the Hop-AvrRpt281-255 fusions were not
generally cytotoxic. Type III-dependent deliv-
ery was confirmed for each of the
Hop::AviRpt28!-2%5 fusion proteins (Fig. 1, C

REPORTS

>
@

HopA1-284.:AyrRpt281-2585
hreC~
pHrcC

Hopl*
AvrRpt21-255
H0p|1‘315::
AvrRpt281-255

AvrRpt2 vector — —

cfu/ Leaf Punch
=
&

-
=
s

T8 S — Pro |

0 1 2 3
Days After Infection

Fig. 1. Demonstration of reduced virulence and type lll-dependent
secretion of P. syringae Hop:AvrRpt287-25% fusions. (A) Virulence growth
assay of PmaES4326 hopPmal’-375::avrRpt287-255 (squares) versus
PmaDG6 [circles; PmaES4326 recAQavrRpt2 (5)] on A. thaliana rps2- hreC- WT
107C. Leaves were inoculated at ODgy, (optical density at 600 nm) = ke

0.0002 as described (5). Six samples of each genotype were titered at

each time point. *P < 0.003. Error bars are obscured by data symbols.

Similar results were obtained in three separate experiments. (B) Leaves

are shown at 3 days after infection from the virulence growth assay in “
(A). Note the reduced chlorosis on the leaf infiltrated with PmaES4326
hopPmal™3"%::avrRpt287-255. (C) HR (avirulence) assay demonstrating —
type lll-dependent secretion of HopPmaA™-284:AvrRpt287-22% including a

positive and a negative control [PmaDG6, PmaES4326 containing an

integrated copy of full-length avrRpt2, and PmaDG3, PmaES4326 containing an integrated
copy of a vector control, respectively (5)]. pHrcC is a PmaES4326 cosmid clone (3B3)
containing the hrcC gene (20). All other Hop::AvrRpt287-255 fusions behaved similarly (Web
table 1). (D) Western blot of total protein extracted from a PmaES4326 (WT) strain and a
PmaES4326 hrcC~ strain both containing an integrated copy of hopPmaA’ 28%::avrRpt287-25%
(band corresponding to the fusion protein indicated by an asterisk) in order to verify that the
HopPmaA'-284:AvrRpt2871-225 fusion protein is expressed to similar levels in the HR™ and HR™
strains (48). A background band at 90 kD served as a loading control (Web fig. 2).

HopA1-284.:
AVert281 -256

Table 2. Analysis of NH,-terminal amino acid composition of type IIl effectors. The Hop group (Hop)
includes the proteins shown to be secreted (Table 1) as well as the known type lll-secreted proteins:
HopPtoB (ORF1 EEL) of PtoDC3000 (AAF71498), AvrRpt2 (CAA79815), AviRpm1 (NP_114197), HopPsyA
(AAF71481), AvrB (AAA25726), HrpZ (AAB00127), AvrPto (AAA25728), HrpA (AAB00126). The Flagella
group (Fla) includes PtoDC3000 homologs (identified in the unfinished genome sequence at www.tigr.
com) of flagellar type lll-secreted proteins from S. enterica (n = 12). The control group (Con) includes
a group of randomly selected proteins from P. syringae (n = 23). The Salmonella effector group (SalEff)
includes S. enterica effectors (n = 24). The Salmonella control (SalCon) group includes a group of
randomly selected proteins from S. enterica (n = 32). All of these loci are presented in Web table 4. P
values (P) were determined using the nonparametric Kolmogorov Smirnov test. P values in bold indicate
significance (=0.05).

. . Mean % amino acid (standard error)
Protein (amino

acids analyzed)

Ser Asp Leu Lys Asn

Hop(1-50) 17.13(1.01) 3.58 (0.45) 6.17 (0.83) 2.52(0.49) 6.00 (0.81)
Hop(51-end) 8.20 (0.36) 6.62(0.32) 7.96 (0.50) 5.48 (0.64) 5.15(0.35)
P <0.0001 0.0001 0.0104 0.0104 0.240
Fla(1-50) 13.17(1.24) 4.33(0.85) 7.50 (1.13) 4.83(0.83) 8.33(1.01)
Fla(51-end) 10.26 (0.76) 5.75(0.49) 7.64(0.67) 3.69 (0.54) 5.83 (0.66)
P 0.100 0.249 0.249 0.100 0.034
Con(1-50) 5.57 (0.64) 5.74(0.79) 12.17 (1.07) 3.65(0.69) 3.04(0.56)
Con(51-end) 6.21(0.3) 4.96 (0.28) 10.69 (0.60) 3.94(0.32) 3.19(0.25)
P : 0.026 0.591 0.428 0.026 0.059
SalEff(1-50) 10.87 (1.10) 2.96 (0.49) 8.35(0.87) 6.87 (1.02) 4.78(0.71)
SalEff(51-end) 7.13(0.51) 4.78(0.31) 10.62 (0.74) 5.86 (0.53) 5.17 (0.38)

P 0.0013 0.0013 0.0591 0.0591 0.1208
SalCon(1-50) 5.00 (0.40) 5.19 (0.62) 10.94(0.72) 4.94 (0.64) 3.25(0.52)
SalCon(51-end) 5.28 (0.27) 5.14(0.32) 10.69 (0.63) 4.09 (0.38) 3.33(0.28)
P 0.088 0.159 0.433 0.433 0.022

and D and Web table 1). Additionally, all but
one hop gene (hopPmaJ) had upstream se-
quences called “hrp boxes” found in promoter

regions of many effector genes (35). Finally,
the synthesis of most of the Hop:: AvrRpt281-255
fusion proteins was undetectable in rich medi-
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Table 3. hop genes distribution in selected Pseudomonas syringae strains and
other Gram-negative pathogens. Genomic DNA extraction, Eco Rl digest and
Southern blot followed standard protocols (45). Probes were generated by
PCR and corresponded to full-length hop genes (except for hopPmal, which
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was missing the region homologous to dnaj) from Table 1. PmaES4326,
PmaMs5, PtoDC3000, PmaM3, PmaM1, PmaM2, PmaM6, Pto5034, Pc83-1,
XccBP109, and Xcc750 infect A. thaliana. PtoDC3000 and Pto5034 also infect
tomato. Pph3121, Psy61, and PsyB782 infect bean.

Effector

Strain

HrpW  Hop) HopP Hopl

AvrE  HopPtoA1

HopH HopO HopL AvrPphE

HopG HopA HopK HopD HopB

PmaES4326*
PmaM5

Pph NPS3121%
Pto DC3000%

Pma M3

Pma M1

Pma M2

Pma M6

Pto 5034

Ps Cit7

Psy B728a§

Psy 61

P. viridiflava PV5

. chicorii 83-1

. fluorescence

. putida PPS75

. stutzeri

. aeruginosa PAQ1
. aeruginosa PA11
. aeruginosa PA12
. solanacearum||
Xcc 7509

Xcc BP109

B. cepacia#

X 1 X 1 X | X X X X X X X X X X

I X 1 X X X X X X X X X X X X X X X

b=~ 20 ~ T~ e - B ~ T ~ B ~ I -
I X X X X X X X X X | X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X

I X X X X X X X X X X X X X
I X X X X X X X X X X X X X
I X X X X X X X X X X X X X
I X X X |1 X X X X X X X X X
I X 1 X X X X X X X X X X X

I X X X X X X X X X

I 1 xX X X
1 x

| |

|

I X X X X X

*P. syringae pv. maculicola
campestris #Burkholderia cepacia

um and induced by minimal medium, similar to
what has been found for other P. syringae
effectors (Web fig. 2 and Web table 1) (36, 37).
The only exceptions were HopPmaA!-284:: Avr-
Rpt2812%5 which was synthesized in rich
medium and was further induced in mini-
mal medium, and HopPmaJ'3:: AvrRpt28!-255
which was produced constitutively.
Pseudomonas syringae effectors have ex-
ceptionally high Ser content in the NH,-termi-
nal 50 amino acid secretion regions compared
to the rest of the protein (Tables 1 and 2). A low
Asp, Leu, and Lys content in the effectors’
NH,-termini was also observed. These NH,-
terminal amino acid biases resemble chloroplast
and mitochondrial targeting sequences (38). In-
deed, most P. syringae effectors are predicted
to localize to chloroplasts (Table 1 and Web
table 3). This similarity could reflect a common
mechanism used by the type III apparatus and
organelle import complexes to recognize secre-
tion signals and to facilitate secretion. Alterna-
tively, the similarities could either indicate a
common evolutionary origin for secretion and
organelle targeting mechanisms, signify an
analogous functional requirement for these se-
quences for proper targeting of effectors to host
organelles [one E. coli effector localizes to mi-
tochondria (39)], or simply be coincidental. Sal-
monella enterica effectors also show NH,-ter-
minal Ser and Asp biases ( Table 2), suggesting
a conserved function for this feature. The over-
all amino acid composition of P. syringae ef-
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fectors was also biased, showing a high overall
Ser and Asn content and a low overall Leu, Ile,
and Val content (Web table 2). Some features
of this amino acid bias were shared with P.
syringae homologs of flagellar secreted pro-
teins from S. enterica and with S. enterica
effectors (Web table 2). Some amino acid bi-
ases may be important for the unique require-
ment of effectors and flagellar components to
be unfolded during the delivery process and to
refold upon reaching their final destinations
(40).

We estimated the total number of effectors
in a single strain of P. syringae (PtoDC3000)
based upon the characteristic NH,-terminal
amino acid biases (high Ser and low Asp) and
the conserved hrp box promoter element (35)
(Web table 3). Preliminary PfoDC3000 se-
quence data was obtained from The Institute for
Genomic Research (TIGR; www.tigr.org). The
proposed secretome includes 38 proteins, of
which 15 are putative novel effectors. Two of
these latter ORFs (HopPtoO and HopPtoP, Ta-
ble 1) were tested and shown to be delivered to
A. thaliana (Web table 1 and Web fig. 2).
Pseudomonas syringae may contain additional
effector genes induced in different environmen-
tal contexts and thus lack hrp boxes. Indeed, P.
syringae may interact with hosts from at least
two kingdoms, as it contains homologs of the
Photorhabdus Iuminescens insectidical toxin
complex genes tcad-C, tchA, tccA-C, and tcdA
(www.tigr.org) (41).

1 MARCH 2002

|IRalstonia solanacearum

§Xanthomonas campestris pv.

A core set of 10 of the 15 confirmed
effectors was present in many commonly
studied P. syringae strains causing diseases
in different hosts (Table 3). Some of these
effectors are also present in related Pseudo-
monads and other plant pathogens. A third
of the effectors studied showed a high de-
gree of variability, even among strains with
similar host specificity. Several effectors
also appear to be duplicated and some du-
plicated hop genes may have been inacti-
vated by base changes, transposon inser-
tions or genetic rearrangements (see holP-
maN example above and the avrPphD,, ,
hopPtoO2 and holPtoU2 examples in Web
table 3). hop gene inactivation or loss may
contribute to pathogen fitness by allowing
the pathogen to evade the host surveillance
mechanism. In summary, hop genes repre-
sent a highly dynamic set of genes in P.
syringae populations.

We have shown that the type III secre-
tome of P. syringae is likely to contain more
effectors than in any other pathogen charac-
terized so far (2). The principle of our in vivo
functional screen can be adapted to any type
III-utilizing bacterial species. This approach,
coupled with the ability to predict effectors
based on their biased amino acid composition
and mode of regulation affords the possibility
of making rapid progress in understanding
the mechanisms of action and the functions of
effectors in diverse pathogens.
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Colorectal Cancer in Mice
Genetically Deficient in the
Mucin Muc2

Anna Velcich,'™ WanCai Yang," Joerg Heyer,?
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The gastrointestinal tract is lined by a layer of mucus comprised of highly
glycosylated proteins called mucins. To evaluate the importance of mucin in
intestinal carcinogenesis, we constructed mice genetically deficient in Muc2,
the most abundant secreted gastrointestinal mucin. Muc2 ™/~ mice displayed
aberrant intestinal crypt morphology and altered cell maturation and migration.
Most notably, the mice frequently developed adenomas in the small intestine
that progressed to invasive adenocarcinoma, as well as rectal tumors. Thus,
Muc? is involved in the suppression of colorectal cancer.

Mucins are highly glycosylated proteins that are
the major component of the mucus that lubri-
cates and protects underlying intestinal epithe-

'Department of Oncology, Albert Einstein Cancer
Center/Montefiore Medical Center, 111 East 210
Street, Bronx, NY 10467, USA. 2Memory Pharmaceu-
ticals Corporation 100, Philips Parkway, Montvale, NJ
07645, USA. 3Harvard Medical School, Brigham &
Women's Hospital, 20 Shattuck Street, Boston, MA
02115, USA. *Strang Cancer Prevention Center, 1300
York Avenue, New York, NY 10021, USA.

*To whom correspondence should be addressed. E-
mail: velcich@aecom.yu.edu

lium (7). Alterations of mucin expression and
glycosylation have been observed in human
colon cancer specimens (2), but the role of these
proteins in tumorigenesis remains unclear. To
evaluate the importance of mucin in the early
stages of intestinal carcinogenesis, we generat-
ed mice genetically deficient in Muc2, the most
abundant secreted gastrointestinal apomucin,
which is the unglycosylated form of mucin (3,
4). Targeted inactivation of the Muc2 gene was
achieved by replacing a genomic fragment (5)
harboring exons 2 to 4 of Muc2 with a phos-
phoglycerate kinase-neomycin (PKG-Neo) cas-
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