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Abstract Proline iminopeptidase from Xanthomonas campes-
tris pv. citri, displaying no significant sequence homology to any 
protein previously analyzed by X-ray crystallography, has been 
crystallized using the vapour diffusion method. Two different 
orthorhombic crystal forms (space group C222 and 1222) were 
obtained from a solution containing NaCl or polyethylene glycol 
monomethyl ether (MW 5000) as precipitating agent for the 
native and lanthanum-derivatized protein, respectively. Complete 
diffraction data sets have been collected up to 2.6 A (native) and 
3.0 A (lanthanum derivative) resolution. Cell dimensions are 
a = 147.2 Ä, b = 167.8 Ä, and c = 85.6 Ä (C222) and a = 146.7 Ä, 
b = 167.7 Ä, and c = 171.4 Ä (1222), respectively. Considerations 
of the possible values of Vm and analysis of the self-rotation 
function of the native crystals account for the presence of one 
dimer per asymmetric unit, whereas a tetramer probably would 
occupy the smallest crystallographically independent crystal 
portion in the lanthanum-derivatized protein crystals. 
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1. Introduction 

Xanthomonas campestris is a Gram-negative bacterium be-
longing to the family Pseudomonaceae which is phytopatho-
genic for cruciferous plants. X. campestris pv. citri is asso-
ciated with various citrus bacterial diseases [1]. It is known 
that protease-deficient mutants of X. campestris pathovars in-
duce only mild symptoms and show reduced bacterial counts 
in plants [2]. 

Proline iminopeptidase (PIP; EC 3.4.11.5) activity was first 
reported by Sarid et al. [3]. Different sources of the enzyme 
have been described implying its wide distribution in nature. 
However, this enzyme has been found mainly in bacteria [4-
12] and in some plants [13]. The failure to isolate the enzyme 
from mammalian tissues, together with the fact that other 
aminopeptidases like leucine aminopeptidase [14] and even 
carboxylesterases [15,16] have a weak activity on the amide 
substrate used in the proline iminopeptidase assay, suggests 
the absence of a true PIP activity in the latter sources. 

PIP catalyzes the removal of amino-terminal proline from 
peptides with high specificity. Several PIP genes have been 
cloned and sequenced to date: Bacillus coagulans [17], Neis-
seria gonorrhoeae [4], Lactobacittus delbrueckii ssp. bulgaricus 
[6], L. delbrueckii ssp. lactis [11], Aeromonas sobria [9], and 
Mycoplasma genitalium [18]. These enzymes show a high de-
gree of sequence homology, and share similar characteristics 
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with regard to substrate specificity and molecular weight, and 
can therefore be grouped together in a PIP family. 

In order to analyze the structural determinants by which 
PIP cleaves their substrates, we have undertaken an X-ray 
study of X. campestris pv. citri PIP and here we report the 
crystallization and preliminary X-ray diffraction analysis. As 
no phase information of any sequentially related protein is 
available, the structural analysis will require use of the multi-
ple isomorphous replacement method. 

2. Materials and methods 

2.1. Protein purification 
Escherichia coli HB101 harboring the plasmid pJJ185 [19] was 

grown in LB medium. All purification procedures were performed 
at 4°C. The washed cells were suspended in 20 mM Tris-HCl buffer, 
pH 8.0 (buffer A), and disrupted with a French pressure cell (Amin-
co). Unbroken cells and cell debris were removed by centrifugation at 
35000Xg for 1 h. Ammonium sulfate was added to the supernatant 
to make it 40% saturated, the mixture was allowed to stand for 1 h, 
and the precipitated proteins were recovered by centrifugation. The 
pellet obtained was dissolved in buffer A, and dialyzed against the 
same buffer. The protein solution was applied to a DEAE-cellulose 
column (5X15 cm) equilibrated with buffer A, elution being carried 
out with a linear gradient of 0.0-0.5 M sodium chloride. The active 
fractions were combined and desalted by dialysis. The protein solution 
was then applied to a Sephadex G-200 column (2.5X80 cm). The 
protein was followed by monitoring the enzymatic activity (see below) 
and purity was checked by SDS-PAGE [20]. 

2.2. Enzyme activity assay 
Proline iminopeptidase activity was assayed by measuring the 

amount of />-nitroanilide (p-NA) liberated from p-NA substrates as 
described previously [11]. 

2.3. Crystallization 
Crystallization experiments were carried out at a constant tempera-

ture of 20°C using the sitting-drop vapour diffusion method. All re-
servoir solutions contained 0.02% (w/v) sodium azide. The initial PIP 
concentration was 10 mg/ml in 20 mM Tris-HCl buffer, pH 8.O. Drops 
were prepared by mixing 5 ul of PIP solution with 5 ul of the reservoir 
solution. The mixture was allowed to equilibrate against 0.4 ml res-
ervoir solution. 

2.4. X-ray diffraction analysis 
Crystals were harvested using the reservoir solution and mounted in 

thin-walled glass capillary tubes. X-ray diffraction data were collected 
at —15 to —20°C (in order to prevent diffraction decay due to radia-
tion damage) on a 300 mm MAR-Research image plate detector at-
tached to a Rigaku RU200 rotating Cu-anode X-Ray generator op-
erated at 120 mA and 45 kV. The data were evaluated with the 
MOSFLM package [21], and loaded, scaled and merged with CCP4 
suite [22]. 

Local symmetry axis search was performed by means of the GLRF 
program [23], using data between 20 and 3.5 A resolution, and sam-
pling the rotating space in steps of 2° at the beginning and of 0.1° 
around the initially found peaks in the last stage of calculations. 
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Fig. 1. (A) Orthorhombic crystal, belonging to the space group 
C222, of the proline iminopeptidase grown in 0.1 M sodium citrate 
buffer, pH 6.0 and 4.0 M NaCl. Crystal size is 0.8 mm X 0.4 
mm X 0.2 mm. (B) X-ray diffraction pattern recorded on an MAR 
Research Image Plate detector at 220 mm crystal-to-detector dis-
tance. 

3. Results and discussion 

Initial crystallization experiments were carried out using the 
screening protocols described by Jankarik and Kim [24] with 
protein obtained after DEAE-cellulose chromatography (see 
Section 2). At this stage, PIP is not completely pure, and 
accounts for approx. 75-80% of the total protein present in 
the preparation. Small crystals and needles were obtained 
when sodium acetate, sodium tartrate, sodium formate, am-
monium sulfate, magnesium sulfate or jeffamine M-600 were 
used as precipitating agents. Larger crystals grew in 1-2 
months when polyethylene glycol monomethyl ether (MW 
5000) or NaCl were used as precipitating agents. Using the 
latter, crystals grew over a wide range of pH (5.6-8.0) and in 
different buffers, namely sodium citrate, Tris, and HEPES. 
Best results were obtained employing 0.1 M sodium citrate 
buffer, pH 6.0 and 4.0 M NaCl. In order to reduce the time 
of growth of the crystals, different ratios of protein to reser-
voir solution volume were used. Optimal conditions were 
achieved using a ratio of 3:1 (v/v). Under these conditions, 
large crystals (0.9 mm X 0.4 mm X 0.2 mm) grew in 2-4 weeks 
(Fig. 1). These crystals belong to the orthorhombic space 
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group C222, have unit cell dimensions «=147.16 A, 
b = 167.84 A, c = 85.58 A, and diffract beyond 2.6 A resolution 
(Table 1). When polyethylene glycol monomethyl ether was 
used as the precipitating agent best results were obtained 
using 0.2 M Tris-HCl pH 8.1 and 12% polyethylene glycol 
monomethyl ether. These crystals are isomorphous to those 
obtained with NaCl and diffract to the same maximum reso-
lution. 

Similar results were obtained when pure protein was used 
for crystallization. These crystals have the same morphology 
and share space group and cell unit constants with those ob-
tained with less pure protein. Crystals were washed and dis-
solved displaying only one band on SDS-PAGE of approx. 37 
kDa corresponding to the PIP. 

Due to the fact that HgCb and LaCl3 are inhibitors (data 
not shown) of the enzymatic activity of the proline iminopep-
tidase, and in order to obtain isomorphous heavy-atom deriv-
atives, crystallization experiments were carried out in the 
presence of 0.1-5 mM of each metal. Two types of crystals 
grew in the presence of LaCl3 when NaCl was used as pre-
cipitant agent. One form belonged to the same space group 
and had similar unit cell dimensions to those obtained in its 
absence, whereas the other form belonged to the orthorhom-
bic space group 1222, had unit cell dimensions a = 146.63 A, 
b= 167.68 A, c = 171.37 A, and diffracted to 3.0 A resolution 
(Table 1). Only crystals isomorphous to the native ones grew 
in the presence of HgCl2. 

From the native C222 crystal form two data sets from one 
single crystal each were collected, integrated, loaded, scaled 
and merged. From the 1222 crystal form one complete data 
set from a single crystal was collected, loaded, scaled and 
merged. Data collection and statistics are summarized in Ta-
ble 1. 

Analysis of the self-rotation function (Fig. 2) reveals the 
presence of one non-crystallographic 2-fold axis at polar an-

κ= 180.00 ° 

Fig. 2. Stereographic projection of the self-rotation function calcu-
lated by GLRF using data from 20 to 3.5 A resolution. Section 
κ=180°, showing the 3 crystallographic 2-fold axes and one addi-
tional local axis at φ = 359.0°, <p = 21.4° parallel to the ab plane. The 
crystal axes run horizontally (a), vertically (b), and out of the plane 
towards the reader (c). 
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Table 1 
Data collection and processing statistics 

C222 crystal form 1222 crystal form 

Cell constants 

Space group 
Crystal-to-detector distance 
Maximum resolution 
Rotation for each exposure 
Time for each image 
Total rotation for a data set 
Number of measured reflections 
Number of unique reflections 
R a 

-"■merge 
Completeness 
Last resolution shell 

a =147.2 A 
¿ = 167.8 A 
c = 85.6 A 
C222 
220 mm 
2.6 A 
1° 
1500 s 
90° 
154900 
29854 
9.6% 
93.9% (9.85-2.63 
65.6% (2.71--2.63 

A) 
A) 

a =146.7 A 
6=167.7 A 
c= 171.4 A 
1222 
220 mm 
3.0 A 
1° 
1500 s 
90° 
108912 
34586 
15.4% 
81.7% (11.23-3.00 A) 
52.3% (3.08-3.00 A) 

"emerge = ΣΣ | /(A)— < 1(h) > \ΙΣ< 1(h) > ; I(h)t is the observed intensity of the ¿-th measurement of reflection h, and < 1(h) > the mean intensity of 
reflection h; calculated after loading, and scaling. 

gles φ = 359.0°, cp = 21.4° and κ = 180.1° that is lies almost in 
the ab plane. The most probable calculated packing parameter 
Vm [25] is 3.6 A 3 /Da . This accounts, together with the analysis 
of the self-rotation function, for the presence of one dimer per 
asymmetric unit. Da ta for several heavy-atom derivatives are 
being collected and their difference Patterson maps analyzed. 
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