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Since the introduction of structural genomics, the protein has

been recognized as the most important variable in crystal-

lization. Recent strategies to modify a protein to improve

crystal quality have included rationally engineered point

mutations, truncations, deletions and fusions. Five naturally

occurring variants, differing in 1–18 amino acids, of the 177-

residue lectin domain of the F17G fimbrial adhesin were

expressed and purified in identical ways. For four out of

the five variants crystals were obtained, mostly in non-

isomorphous space groups, with diffraction limits ranging

between 2.4 and 1.1 Å resolution. A comparative analysis of

the crystal-packing contacts revealed that the variable amino

acids are often involved in lattice contacts and a single amino-

acid substitution can suffice to radically change crystal

packing. A statistical approach proved reliable to estimate

the compatibilities of the variant sequences with the observed

crystal forms. In conclusion, natural variation, universally

present within prokaryotic species, is a valuable genetic

resource that can be favourably employed to enhance the

crystallization success rate with considerably less effort than

other strategies.
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PDB References: F17a-G–

GlcNAc, 2bsc, r2bscsf;

F17a-G–GlcNAc(�1-)OMe,

1zpl, r1zplsf; F17b-G–chito-

biose, 2bs7, r2bs7sf; F17b-G–

GlcNAc, 2bs8, r2bs8sf;

F17e-G–GlcNAc, 2bsb,

r2bsbsf; F17f-G–GlcNAc,
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1. Introduction

Homologous proteins from other species are often considered

if suitable crystals cannot be obtained for the protein under

study. This idea was pioneered more than 50 years ago

(Kendrew et al., 1954; Campbell et al., 1972) and has been

revitalized in the era of structural genomics. Potential draw-

backs of the structural genomics approach are that the

homologous proteins may be rather poor structural models for

each other and that the cloning, expression and purification of

the homologues may require significant changes to the

established protocols. An alternative strategy is therefore to

stick with the target protein and to employ site-directed

mutations to alter its surface properties and crystal-packing

possibilities. Other approaches, such as truncations, deletions,

fusions, limited proteolysis and deglycosylation of proteins,

have become very popular and aim to produce better

diffracting crystals through improving protein solubility,

decreasing inherent molecular flexibility and increasing

molecular packing possibilities. These methods still require

the successful engineering of a soluble and stable protein that

maintains a native structure. Intraspecies variation in the

genes, best known in prokaryotes, represents a naturally

available alternative that has already been selected for

success. We set out to utilize the natural variation of the

Escherichia coli F17G fimbrial adhesin to enhance the chance

of obtaining well diffracting crystals without the need to

change cloning, expression and purification strategies.



Pathogenic bacteria use hair-like

adhesive organelles called fimbriae

or pili to establish an initial foothold

in host colonization. F17 fimbriae are

one of the virulence factors found on

enterotoxigenic and septicaemic

E. coli strains affecting ruminants.

They are flexible 3 nm wide wire-

like structures with an overall

morphology and carbohydrate speci-

ficity that is clearly distinct from the

type 1 pili (Hung et al., 2002) and P

pili (Dodson et al., 2001) of uro-

pathogenic E. coli strains. F17 pili,

like type 1 and P pili, are assembled

via the chaperone/usher pathway

(Soto & Hultgren, 1999). The adhe-

sins of the chaperone/usher pathway

are two-domain proteins consisting

of an amino-terminal lectin domain

linked to a carboxy-terminal pilin

domain. The binding of F17-fimbri-

ated bacterial cells to intestinal villi

depends on the sugar-binding activity

of the F17G adhesin, located at the

tip of the pilus. This interaction can

be inhibited by N-acetylglucosamine

(GlcNAc; Girardeau, 1980; Bertin et

al., 1996).

The F17 fimbriae family comprises

various members (Fig. 1): the

F17a and F17d fimbriae, produced

by bovine enterotoxigenic E. coli

(ETEC) strains (Lintermans et al.,

1988; Bertels et al., 1989), the F17b

fimbriae, expressed by E. coli strains

isolated from septicaemic calves and

lambs (El Mazouari et al., 1994), the

F17c fimbriae, associated with bovine

diarrhoea or septicaemia and with

lambs showing nephrosis (Bertin et

al., 1996), and F17e (E. coli strain

CK210) and F17f (E. coli CK377

strain) fimbriae expressed by non-

enterotoxigenic E. coli isolated from

lambs and goat kids (Cid et al., 1999).

G fimbriae from human uropatho-

genic E. coli strains (Saarela et al.,

1995) were found to be identical in

amino-acid sequence to F17c

fimbriae (Martin et al., 1997). All

amino-acid substitutions are located

in the amino-terminal lectin domain,

where they may fine-tune the speci-

ficity for the host’s carbohydrate

receptors. On the other hand, the

carboxy-terminal pilin domain of the
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Figure 1
(a) Alignment of the amino-acid sequences of variants a–f of the F17G lectin domain and (b)
stereoview of the crystal structure of the F17f-G lectin domain with labelling of the �-strands. Amino-
acid differences are marked with boxes. Residues involved in crystal-packing contacts are marked in
grey when only main-chain atoms are involved in the packing, in green when only side-chain atoms are
involved and in yellow when both main-chain and side-chain atoms contribute to the contact.
Secondary-structure elements are labelled as in the structure shown and the solvent accessibility of
each residue is shown by means of a colour gradient ranging from dark red for completely buried
residues to white for maximally exposed residues. Only sequence information is available for variant d.



F17G family, which joins the adhesin non-covalently to the

rest of the fimbria, is identical in all six variants. The F17a-G

and F17d-G adhesins vary in six amino-acid positions, while

F17b-G and F17e-G adhesins only vary in five positions. The

F17e-G and F17f-G adhesins differ in only one amino acid

from the F17c-G adhesin, Arg21Ser and His36Tyr, respec-

tively. The largest difference (18 amino-acid substitutions) is

observed between the F17a-G and the F17b-G adhesins.

The amino-acid variations occur predominantly on the

surface of F17G surrounding a conserved binding pocket for

N-acetylglucosamine (Buts, Bouckaert et al., 2003). A more

detailed characterization of the structural and biochemical

properties of the different natural variants of the F17G lectin

domain is of interest for a better understanding of the diver-

sity in host specificity of different E. coli isolates. The crystal

structures of variants a (F17a-G; Buts, Bouckaert et al., 2003)

and c (F17c-G or GafD; Merckel et al., 2003) of the F17G

lectin domain in complex with N-acetylglucosamine (GlcNAc)

have been determined previously. We set out to crystallize the

four other identified variants of F17G adhesin (b, d, e and f)

and studied the effect of the natural sequence variation on the

crystallization behaviour of the F17G lectin domains.

2. Materials and methods

2.1. Products

GlcNAc, GlcNAc(�1–4)GlcNAc and GlcNAc(�1–2)Man

were purchased from Dextra Laboratories. GlcNAc(�1–3)Gal

(Dahmen et al., 1985) and GlcNAc(�1-)OMe were synthe-

sized.

2.2. Expression and purification

The lectin domains of the variants F17a-G, F17b-G, F17c-G,

F17d-G, F17e-G and F17f-G (Lintermans et al., 1991; El

Mazouari et al., 1994; Cid et al., 1999) were amplified using the

primers F17-35 (50-ACAAATTTTTATAAGGTCTTTCTG-

GCTGTATTC-30) and F17-36 (50-CCCGAATTCTATGTGT-

CATTCA GCGTAAATGGATT-30) and cloned under the

control of the T7 promoter. The resulting constructs were

transformed into E. coli strain BL21-AI (Invitrogen). The

BL21-AI cells were grown in Luria–Bertani (LB) medium to

OD600 = 0.5 and induced with 0.2% l-arabinose. Cells were

subjected to osmotic shock and the periplasmic extract was

loaded onto a GlcNAc–agarose affinity column (Sigma) in

buffer A (20 mM TES buffer pH 7). Bound protein was eluted

with buffer A containing 200 mM GlcNAc. The protein was

concentrated to 8–12 mg ml�1, further purified by gel filtration

(Superdex 75 HR, Amersham Biosciences) and again

concentrated to about 10 mg ml�1 in 20 mM Tris pH 8 with

150 mM NaCl prior to crystallization.

In the case of F17a-G, two peaks eluted from the gel-

filtration column. Analysis on a 12.5% SDS–PAGE revealed

that both peaks contained pure F17a-G protein. Only the

second peak was observed for the other F17G variants b, d, e

and f. The ratio of the two peaks varied between different

purification rounds and depending on the age of the protein
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Figure 2
DLS size-distribution diagrams of F17a-G showing (a) a monodisperse pattern for the second eluted peak from gel filtration and (b) large aggregates in
the first eluted peak. A similar pattern as in (b) is obtained upon aging of the F17a-G solution used in (a). The hydrodynamic radius is displayed on the x
axis and each of the ten measurements along the y axis. The intensities for the distributions are indicated by the colours blue (absent) to dark red (most
prominent).



solution and possibly also on the concentration step prior to

gel filtration. Both peaks of the F17a-G protein preparation

were analysed using dynamic light scattering (DLS; Fig. 2).

Following centrifugation of the samples at 18000g for 60 min

at 277 K, 30 ml of sample was injected into a flow cell of a

Laser-Spectroscatter 210 instrument (RiNA Netzwerk RNA-

Technologien, Berlin, Germany) at room temperature and

illuminated by a 30 mW, 660 nm wave-

length solid-state laser. Data were

collected during ten measurements of

20 s each.

2.3. Crystallization and data collection

Crystallization conditions were initi-

ally screened using the Crystal Screen,

Crystal Screen II, Crystal Screen Cryo

(Hampton Research) and Wizard

Screen I and II (Emerald BioSystems)

kits. When necessary, initial conditions

were further optimized by variations in

pH, precipitant concentration and

protein concentration in order to obtain

crystals suitable for data collection

(Table 1). Competition soaks with

F17b-G crystals were performed by first

washing an F17b-G crystal in its mother

liquor in the absence of any sugar and

subsequently transferring it to a drop of

precipitant solution enriched with 50–

100 mM of the desired sugar. Soak

times were 1 h or longer.

Data were collected at 100 K on

EMBL beamlines X11, X13, BW7A and

BW7B of the DESY synchrotron

(Hamburg, Germany) and on beamline

ID14-1 of the ESRF synchrotron

(Grenoble, France) (Fig. 3). Crystals of variants a and b were

transferred to mother liquor enriched to a concentration of

30% 2-propanol for a few minutes and subsequently frozen

directly in the cold stream. Variants e and f were frozen in

concentrated precipitant solution. Data for variants b, e and f

were collected using a single resolution pass. Typically,

multiple passes with different exposure times were needed for
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Table 1
Crystallization conditions.

Variant

Compatible
carbohydrate
ligands†

Crystal
form

Theoretical
pI‡

Protein
concentration
(mg ml�1) Precipitant

F17a-G GlcNAc,
GlcNAc(�1–2)Man,
GlcNAc(�1–3)Gal,
GlcNAc(�1–4)GlcNAc,
GlcNAc(�1-)OMe

P6122 8.6 5.5 10%(v/v) 2-propanol,
20%(w/v) PEG 4000,
100 mM HEPES pH 7.5

F17a-G Sugar-free, GlcNAc,
GlcNAc(�1-)SeMe

P6122 8.6 10 30%(w/v) PEG 4000,
100 mM NaAc pH 4.6,
100 mM NH4Ac
(Buts, Bouckaert et al., 2003)

F17a-G GlcNAc(�1-)OMe P3121 8.6 5.5 10%(v/v) 2-propanol,
20%(w/v) PEG 4000,
100 mM HEPES pH 7.5

F17b-G GlcNAc,
GlcNAc(�1–2)Man,
GlcNAc(�1–3)Gal,
GlcNAc(�1–4)GlcNAc

P62 5.5 16 1.2 M Li2SO4,
10 mM NiCl2,
100 mM Tris pH 8.5

F17b-G GlcNAc I4122 5.5 16 10% ethanol,
1.5 M NaCl

F17c-G GlcNAc P21 5.5 10–30 10%(w/v) PEG 6000,
100 mM HEPES pH 7.5,
5%(v/v) MPD
(Merckel et al., 2003)

F17e-G GlcNAc I4122 6.1 11 30% PEG 400,
0.1 M CdCl2,
100 mM NaAc pH 4.6

F17f-G GlcNAc C2 5.8 12 20%(v/v) 2-propanol,
20% PEG 4000,
100 mM Na citrate pH 5.6

† Co-crystals with specific carbohydrate in the presence of 5–10 mM sugar; 226 mM GlcNAc was used for the
preparation of F17c-G crystals (Merckel et al., 2003). ‡ The calculated pI of F17d-G is 8.0.

Figure 3
Diffraction patterns of (a) F17a-G in complex with GlcNAc(�1-)OMe extending to 1.7 Å resolution, (b) F17b-G in complex with GlcNAc extending to
2.3 Å resolution and (c) F17e-G in complex with GlcNAc extending to 2.4 Å resolution.



F17a-G crystals to avoid overloads while still collecting the

data to the highest possible resolution. All data were inte-

grated using DENZO and scaled and merged using SCALE-

PACK (Otwinowski & Minor, 1997). Molecular-replacement

calculations were performed with AMoRe (Navaza, 2001) and

PHASER (Read, 2001; Storoni et al., 2004) using the refined

structure of GlcNAc-bound F17a-G (1.65 Å resolution struc-

ture; PDB code 1o9w) as the search model (Buts, Bouckaert et

al., 2003).

2.4. Crystal-packing analysis

Prior to comparative crystal-packing analysis, a repre-

sentative with the best data quality was chosen for each F17G

crystal form (Table 2). These include the 1.1 Å resolution

structure of variant a bound to GlcNAc (PDB code 2bsc), the

1.7 Å resolution co-crystal structure of variant a bound to

GlcNAc(�1-)OMe (PDB code 1zpl), F17b-G bound to

GlcNAc(�1–4)GlcNAc in the 2.1 Å resolution structure in

space group P62 (PDB entry 2bs7), the F17c-G–GlcNAc

complex (PDB code 1ioi), the structures of variants b and e in

space group I4122 (PDB codes 2bs8 and 2bsb, respectively)

and the 1.4 Å resolution structure of variant f (PDB code

1zk5). The atomic positions and temperature factors of these

structures were fully refined using CNS (Brünger et al., 1998).

For each of the F17G–carbohydrate complexes reported in

Table 1, the carbohydrate moiety was clearly defined by the

electron density. Surface areas buried through crystal packing

were calculated using NACCESS (Hubbard & Thornton, 1993;

Table 3). The packing contacts in the series of F17G crystals

were analyzed using PyMOL (DeLano, 2002) and the CCP4

program CONTACT (Collaborative Computational Project,

Number 4, 1994), using an intermolecular cutoff distance of

4 Å. Subsequently, these interactions were carefully inspected

both visually with the graphical program TURBO (Roussel &

Cambillau, 1989) and analytically by means of the CCP4

program SFCHECK. The total number of atoms involved in

packing contacts was calculated and the number of atoms in

packing contacts affected by the sequence differences with the

other F17G variants is given as an indication of the relative

compatibilities of the crystal forms in Table 3. In those crystal

forms containing more than one molecule per asymmetric

unit, as is the case in the trigonal crystal form of F17a-G and in

the F17c-G crystals, the packing of the separate F17G mole-

cules was analyzed to allow a direct comparison between

crystal packings.

3. Results

3.1. Crystallization and packing analysis of F17a-G

The crystallization conditions of variants a (residues 1–177;

Buts, Bouckaert et al., 2003) and c (GafD residues 1–178;

Merckel et al., 2003) of the F17G lectin domain have been

described previously (Table 1). Attempts to crystallize the

F17G lectin domains of variants b, d, e and f using the crys-

tallization conditions described for F17a-G were unsuccessful.

Ab initio screening for crystallization conditions resulted in

crystals of variants b, e and f, whereas no diffraction-quality

crystals could be obtained for variant d. Despite the long c axis

(Table 2), F17a-G crystals have the potential to diffract to

atomic resolution. Diffraction has been observed to 1.1 Å

resolution for the GlcNAc complex, although most crystals

diffract to about 1.7 Å resolution (Fig. 3a). This is consistent

with the rather dense packing of the crystals (VM values of 1.8–

2.0 Å3 Da�1, corresponding to a solvent content of around

35%).

Interestingly, crystallization of F17a-G was speeded up

dramatically by the addition of the first-eluted peak from the

gel filtration to the second peak that eluted more in accor-

dance with the molecular weight of the F17a-G lectin domain.

Crystal formation could be seen immediately upon setting up

hanging drops through the glittering of the forming crystals

and in less than a day the crystals were fully formed. In

contrast, it took several days to several weeks to obtain

crystals when only F17a-G from the second peak was used for

crystallization. The DLS experiments show that the first peak

consisted of F17a-G aggregates, while the second peak

contains monodisperse and probably monomeric F17a-G

(Fig. 2a). Protein solution kept at 277 K aggregates over time

to convert to a similar size-distribution pattern as for the first

peak (Fig. 2b). Crystallization of an aged protein solution from

the second peak does not result in sufficiently large single

crystals but only gives large quantities of microcrystals.
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Table 2
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Variant
Space
group

Unit-cell parameters
(Å, �)

Resolution range
(Å) Rmerge

Completeness
(%) I/�(I) Redundancy Beamline

PDB
code

F17a-G P6122 a = b = 42.5, c = 272.9 36–1.10 (1.14–1.10) 0.069 (0.781) 99.5 (98.3) 16 (3) 10.0 (5.8) BW7B 2bsc
F17a-G P3121 a = b = 42.8, c = 288.2 20–1.70 (1.76–1.70) 0.058 (0.335) 90.2 (70.0) 18 (2.5) 5.0 (1.8) ID14-1 1zpl
F17b-G P62 a = b = 86.7, c = 57.0 35–2.10 (2.18–2.10) 0.040 (0.407) 99.6 (99.8) 29 (5.5) 9.3 (6.4) X13 2bs7
F17b-G I4122 a = b = 96.5, c = 97.7 23–2.24 (2.32–2.24) 0.120 (0.209) 96.8 (91.1) 10 (5) 5.1 (4.5) X11 2bs8
F17c-G P21 a = 43.0, b = 70.5, c = 56.1,

� = 104.5
20–1.70 See Merckel et al. (2003) 1oio

F17e-G I4122 a = b = 96.7, c = 96.2 15–2.40 (2.49–2.40) 0.071 (0.79) 99.7 (100.0) 23 (4.5) 14.5 (14.7) X11 2bsb
F17f-G C2 a = 73.7, b = 42.0, c = 53.4,

� = 97.5
21–1.38 (1.43–1.38) 0.048 (0.242) 99.7 (99.0) 16 (5) 3.9 (3.6) BW7A 1zk5



Aggregation thus correlates very well with the protein’s

nucleation and crystallization behaviour (Kadima et al., 1990).

Crystals of the complexes of F17a-G with specific di-

saccharides and monosaccharides, GlcNAc(�1–2)Man,

GlcNAc(�1–3)Gal, GlcNAc(�1–4)GlcNAc, GlcNAc and

GlcNAc(�1-)OMe, and sugar-free F17a-G were all obtained

using the same precipitant (Table 1). A carbohydrate larger

than a disaccharide would almost certainly interfere with the

crystal packing of F17a-G. Although the crystallization

conditions differ significantly from those previously published,

both in composition and pH (Table 1), the F17a-G crystals

have the same space-group symmetry (P6122) and unit-cell

parameters. An exception is the complex of F17a-G with

GlcNAc(�1-)OMe, which also occurs in crystals with space

group P3121 despite having identical crystallization conditions

as for the P6122 crystals (Table 1). The reduction of the sixfold

to threefold symmetry results in the presence of two inde-

pendent molecules in the asymmetric unit. Their packing is

mediated in essence by the same resi-

dues as in space group P6122 (Fig. 1),

but a slightly lower number of atomic

contacts and a smaller surface area

buried in crystal packing can be noted

(Table 3).

The analysis of crystal packing and

sequence compatibilities indicates that

the P6122 crystal lattice of F17a-G is

least compatible with other F17G

lectin-domain sequences (Table 3).

This is further exemplified by over-

laying the sequence of variant b, which

is most different from variant a, onto

the F17a-G structure (Fig. 4). Between

variant a and all other variants, Lys37

and Lys90 change to asparagines, His47

to an arginine, Asp33 to an asparagine

and Arg35 to glycine (Fig. 1). All these

residues except Arg35 have side chains

involved in crystal packing in the

F17a-G crystals. We demonstrate that

the replacement of His47 by an argi-

nine (Fig. 5a) and of Lys37 (Fig. 5b)

and Lys90 by asparagines in all variants

but F17a-G are incompatible with the

crystal packing for F17a-G. The

His47Arg substitution alone would

suffice to disallow the packing of the

P6122 crystals for any of the other

variants (Fig. 5a). The Arg47 side chain

cannot be modelled in a low-energy
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Table 3
Statistical analysis of crystal packing and compatibilities of the variant F17G sequences with the observed F17G crystal forms.

No. of atoms involved in packing contacts in an observed crystal form
for F17G (rows) that is affected by introducing a variant F17G
sequence a–f (columns) into this crystal form

Crystal form
Surface area buried in
crystal packing (Å2)

No. of atoms involved
in packing contacts F17a-G F17b-G F17c-G F17d-G F17e-G F17f-G

F17a-G (P6122) 2575 145 — 20 19 14 21 19
F17a-G (P3121, mol. A) 2355 140 — 15 15 12 16 15
F17a-G (P3121, mol. B) 2358 123 — 16 16 14 18 16
F17b-G (P62) 1570 92 19 — 3 9 9 3
F17b-G (I4122) 1015 48 10 — 3 7 3 3
F17c-G (P21, mol. A) 2135 160 20 3 — 13 2 0
F17c-G (P21, mol. B) 2360 155 16 6 — 9 2 0
F17e-G (I4122) 1180 60 9 10 0 7 — 0
F17f-G (C2) 2915 190 25 6 3 13 5 —

Figure 4
Incompatibility of the F17b-G amino-acid sequence with the crystal lattice interactions of the
F17a-G variant in space group P6122. Shown are two orientations (180� apart) of a CPK surface of
the lectin domain of F17a-G. Atoms involved in crystal lattice interactions in F17a-G are coloured
red. Side-chain atoms from residues that differ between F17a-G and F17b-G are indicated in green.
Atoms from side chains both involved in crystal packing and differing between F17a-G and F17b-G
are blue. Residues involved in monosaccharide binding are indicated in yellow.



conformation that does not clash either internally or with a

symmetry-related molecule in the F17a-G crystal form, apart

from the obvious electrostatic repulsion. Since Lys37 and

Lys90 contribute significantly to the crystal lattice contact in

F17a-G crystals (Fig. 5b), their substitution results in the

disruption of the packing interactions with Asn153 and Asp69,

respectively. In contrast, the buried lysine residue at position

50 is not involved in the crystal packing of F17a-G.

3.2. Crystallization and crystal packing of F17b-G

Crystals of the lectin domain of the F17b-G variant were

obtained in complex with GlcNAc in a hexagonal and a

tetragonal crystal form (Table 1). Co-crystals of F17b-G with

GlcNAc(�1–2)Man were obtained with the P62 space group.

In both crystal forms there is one molecule in the asymmetric

unit and the VM values are around 3.4 and 3.0 Å3 Da�1,

respectively (65 and 60% solvent content). The crystals have
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Figure 5
In-depth examples of crystal contacts affected by the sequence variation in the F17G family. In each panel, the residues involved in crystal-packing
contacts are shown in green for C, blue for N and red for O atoms. Grey dotted lines present the atomic contacts (defined with a cutoff of 4 Å). The
structure of a variant sequence was superimposed on the lattice contact of the genuine crystal packing and is shown in red. (a) Crystal contact in the
F17a-G crystals involving His47 around a crystallographic twofold axis and superimposition of the corresponding F17b-G residues (red). His47 is
replaced by Arg47 in all variants apart from F17a-G, leading to steric hindrance in the crystal packing of variant a. (b) Lys37, replaced by asparagine in all
other variants, contributes significantly to a crystal lattice contact in F17a-G crystals. The replacement Asn37 is unable to make contacts. (c) The D2-E
loop (residues 113–116; Fig. 1) is involved in crystal-packing contacts in all the observed crystal forms. In variants b, c, e and f, Tyr114 is systematically
involved in packing interactions (variant c and its packing contacts shown in green), while the corresponding residue Thr115 in F17a-G (red) is not
involved in packing. (d) Crystal contact observed in the F17f-G crystals, involving the His36 side chain. The single amino-acid change in variant c (His36
substituted by Tyr) is sufficient to render the F17f-G crystal packing unavailable to F17c-G.



relatively high overall B factors (40–50 Å2) and their diffrac-

tion limit ranges between 2.1 and 2.6 Å (Fig. 3b). The tetra-

gonal crystals of the F17b-G protein are isomorphous to the

crystal form of variant e. From the statistical analysis (Table 3),

it indeed appears that the I4122 crystal form of F17b-G is more

compatible with the other F17G sequences than the P62

crystal form. However, a possible disadvantage of the tetra-

gonal crystal form is the involvement of the carbohydrate-

binding site in extensive packing contacts. There appeared to

be plenty of room to bind larger oligosaccharides in the

P62 crystals of F17b-G, prompting us to try competition

soaks of the F17b-G–GlcNAc(�1–2)Man co-crystals with

GlcNAc(�1–3)Gal and GlcNAc(�1–4)GlcNAc. The crystals

withstood this procedure and data were collected (Table 1).

3.3. Crystallization of F17d-G

Variant d grew as spherulites made of very fine needles in

several conditions that are a combination of 2-propanol and

PEG 4000, resembling the crystallization conditions of

F17a-G, to which it is most similar in sequence (Fig. 1). The

calculated pI of F17d-G is also closest to that of F17a-G

(Table 1). One condition [25% PEG MME 2000, 0.1 M MES

pH 6.5, 0.2 M (NH4)2SO4] resulted in single microneedles that

remained too small to allow diffraction. Packing analysis

reveals that overall the F17d-G sequence has a high number of

residues that are incompatible with each of the observed F17G

crystal forms (F17d-G column in Table 3), including that of

F17a-G. The F17a-G and F17d-G adhesins differ in six amino

acids (Leu16Pro, Asp33Asn, Arg35Gly, Lys37Asn, His47Arg

and Lys90Asn). All variants but F17a-G and F17d-G have

Ser49Gly, Lys50Gly, Thr115Tyr, Arg124His, Thr126Arg and

Arg137Gln substitutions, as well as a deletion of Ala113

(Fig. 1). Arg137 or Glu136 are involved in packing in all F17G

crystal forms except for the I4122 space group. The conser-

vation of Ser49, Lys50, Ala113, Arg124 and Thr126 between

variants a and d does not render F17d-G more amenable for

crystallization using F17a-G crystallization conditions, since

these residues are not involved in packing contacts in the

F17a-G crystals. The presence of Thr115 in F17d-G instead of

the equivalent and essential Tyr114 in variants b, c, e and f

(Fig. 5c) rules out all packings other than that of F17a-G. The

His47Arg substitution in turn appears to make the P6122

packing of variant a inaccessible to F17d-G, as it does for the

other variants (Fig. 5a).

3.4. Crystallization and crystal packing of F17e-G

Only a single crystal of the lectin domain of variant e

(F17e-G) in complex with GlcNAc was obtained (Table 1).

The GlcNAc monosaccharide is extensively involved in

packing contacts, facing a GlcNAc molecule from a symmetry-

related F17e-G molecule. The crystal is isomorphous with

those of the tetragonal F17b-G variant bound to GlcNAc

(Table 2) and diffracted to 2.4 Å resolution (Fig. 3c). The

Matthews coefficient is 3.0 Å3 Da�1, corresponding to 50%

solvent. As such, b and e are the only two variants that are

observed to form isomorphous crystals. Indeed, these two

variants are more similar to each other, differing by mostly

conservative substitutions at five amino-acid positions

(Val1Ala, Gly17Ser, Gly49Ser, Ser110Cys and Leu115Val)

(Fig. 1). Positions 1 and 115 are involved in packing contacts in

the I4122 crystal form. The predominant contributions to these

packing contacts are made by the main chain of Val1 in variant

b and Ala1 in variant e (Fig. 1). Limited variation of the side

chain is permitted. Contributions to packing contacts of the

Val115 main-chain atoms in variant b are taken over by the

side chain of Leu115 in the crystals of variant e. This obser-

vation explains why the two variant F17G sequences b and e

are compatible within the same crystal lattice, despite the fact

that quite a few atoms seem to be affected by the sequence

variation (Table 3). Variant c differs from F17e-G only in

positions 17 and 21. Of these only Gly17 is involved in the P21

crystals of F17c-G for both crystallographically independent

molecules (Fig. 1).

3.5. Crystallization and crystal packing of F17f-G

A crystal of the lectin domain of F17f-G could be obtained

in the presence of 10 mM GlcNAc (Table 1), but not in

its absence or in the presence of the disaccharide

GlcNAc(�1–2)Man. Again a different unit cell and different

space group were found (Table 2). The crystal diffracted

beyond 1.4 Å resolution and had a mosaicity of 0.8�. The

asymmetric unit contains a single molecule and the Matthews

coefficient of 2.2 Å3 Da�1 indicates a solvent content of 43%.

Analysis of the crystal packing confirms that the carbo-

hydrate-binding site with the bound GlcNAc residue is

involved in a tight lattice contact, excluding the possibility of

binding of a second saccharide ring and probably disallowing

the removal of the saccharide without disrupting the crystal

lattice. This crystal form contains the highest number of lattice

contacts of all variants (Table 3), which could be correlated

with the capacity of the tiny needle-like crystals to diffract to

high resolution. One crystal contact in the F17f-G crystals

involves the His36 side chain (Fig. 1). Variant c differs from

F17f-G only at position 36, containing a Tyr that is not

involved in a packing contact. Replacement of Tyr36 of

F17c-G by His as in F17f-G would be sufficient to render the

F17f-G crystal packing unavailable to F17c-G (Fig. 5d). Three

substitutions (Ser17Gly, Arg21Ser and His36Tyr) occur

between variants e and f. Most likely the same His36Tyr

mutation would again suffice to render the crystal form of

F17f-G unavailable to F17e-G, as was shown for F17c-G

(Fig. 5d).

4. Discussion

In the last couple of years, much attention has been focused on

surface engineering of proteins to improve crystallization

efficiency and crystal quality by altering packing interactions

(Lawson et al., 1991; McElroy et al., 1992; Jenkins et al., 1995;

Schwede et al., 1999; D’Arcy et al., 1999; Dale et al., 2003;

Derewenda, 2004). Significant improvement in crystallizability

could be observed by the removal of long charged side chains
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with high conformational entropy such as lysine and glutamate

(Longenecker et al., 2001; Mateja et al., 2002; Czepas et al.,

2004). On the other hand, both F17a-G and F17f-G crystallize

with a molecular packing involving multiple solvent-exposed

lysine and glutamate residues (Fig. 1) while displaying the

capacity to diffract to atomic resolution (Fig. 3a, Table 2).

Similar examples (Trp to Glu; Zhang et al., 1997; Phe to Lys

and Trp to Glu; Goldgur et al., 1998) make it apparent that a

positive or negative outcome of amino-acid substitutions is

still very difficult to predict, even when it is known which

residues are involved in packing contacts in the crystal. The six

variants of the F17G lectin domain are surface-engineered by

nature itself and illustrate the promise of this strategy to make

proteins more amenable to crystallization.

Our results are indeed compatible with the notion that

substitutions of a small number of residues scattered over the

surface of the protein results in proteins that differ widely in

crystallization propensity as well as in the resolution at which

data can be obtained. Despite their differences, all six F17G

variants have been purified by affinity chromatography on

GlcNAc–agarose beads followed by gel filtration, without

significantly changing the conditions. Of interest in our series

of variants is that one or a few amino-acid substitutions are

sufficient to move from straightforward crystal formation

(F17a-G) to a protein that is practically impossible to crys-

tallize (F17d-G). Because different variants crystallize in

different crystal forms, we analysed the lattice contacts in each

crystal form to evaluate whether they are compatible with the

sequences of other variants (Fig. 1, Table 3). In general, the

different variants are compatible only with their own crystal

form. Notable exceptions are F17b-G, which is compatible

with the crystal packing of F17e-G as also observed experi-

mentally, and F17f-G, which in theory would also be compa-

tible with the crystal packing of F17c-G and F17e-G (Table 3).

No clear link is apparent between the chemical nature of

the interacting groups in packing contacts, the pI of the

protein and the composition and pH of the precipitant solu-

tion. The isomorphous I4122 crystals of variants F17b-G and

F17e-G grew in very different solutions (10% ethanol with

1.5 M NaCl for F17bG; 30% PEG 400 with 100 mM CdCl2 and

100 mM sodium acetate pH 4.6 for F17e-G), but nevertheless

exhibit essentially identical packing interactions. The lattice

contacts are almost entirely identical, with the exception of

two relatively small changes (Val1Ala and Leu115Val).

Strikingly, the same crystal form is obtained by either invol-

ving the side chain of Leu115 or the main chain of Val115. On

the other hand, different crystal packings resulting from the

same crystallization condition or even from the same drop

(possibly generated during a different stage in the evolution of

the drop) are quite common. An example provided by this

study is the two different space groups observed for F17a-G

bound to GlcNAc(�1-)OMe.

After detailed inspection of the affected packing contacts,

no consistent patterns or general rules could be observed

correlating the sequence changes with crystallization beha-

viour. This might have been expected from conflicting results

available in the literature and the current inability to find a

generally applicable logic behind crystallization. Therefore,

we applied a statistical approach, summarized in Fig. 1 and

Table 3, which provides a powerful insight into the relative

compatibilities of the F17G sequences, one which is supported

by our observations. Obvious from this aproach is the

incompatibility of the P6122 lattice of F17a-G with the other

sequences. The His47Arg substitution present in the five

variants b, c, d, e and f appears to be sufficient to explain this

phenomenon (Fig. 5a). For example, the F17d-G protein most

resembles F17a-G both in sequence and pI, but not in its facile

crystallization behaviour, and this can be essentially attributed

to the His47Arg substitution (Fig. 5a) combined with the loss

of the Lys37 and Lys90 side chains (Fig. 5b). The relatively

large incompatibility of the F17d-G sequence with the

different crystal forms obtained could also be deduced from

the packing analysis (Table 3). A limitation of the statistical

approach is that compensatory effects that alleviate certain

sequence/crystal packing incompatibilities, as observed for the

tetragonal crystal forms of variant b and e, cannot be

predicted. Visual inspection of the residues involved thus

remains a necessity as one is seeking to rationalize the

chemistry of a certain lattice contact.

In view of the enormous wealth of prokaryotic diversity

(Fernández, 2005), which has been strongly affected by lateral

gene transfer (Dutta & Pan, 2002), there is a large and

underexplored source of natural variation present in

prokaryotic organisms, offering a ready-to-use crystal-

lographic tool to enhance the chances for obtaining crystals.

Because selection has already taken place, natural variants can

be expected to be stable proteins exhibiting only subtle

differences in their function, detailed binding properties or

immunological profiles. Since these differences depend largely

on interactions of the protein with its environment, one might

also expect a tendency for the variations to be localized on the

surface. For the F17G adhesin, this holds true as all highly

to moderately solvent-accessible areas (such as the small

�-strand C 0) are involved in lattice contacts in one crystal form

or another (Fig. 1). Residues from extended buried areas, such

as �-strands C and E, are clearly less involved. Exceptions are

arginine, glutamate and aspartate residues that still allow

packing contacts via their long side chains, despite most of the

residue being inaccessible to solvent.

Moreover, variants of a protein generating crystals

displaying different space-group symmetries can improve the

knowledge available on these proteins by showing different

conformations of surface-exposed regions or revealing

serendipitous ligand-binding or metal-ion-binding sites. They

also enhance the probability of finding crystals with a

molecular packing that does not directly involve binding sites

and as such allows the binding of small molecules in an

isomorphous crystal form. In this work, the hexagonal crystal

form of variant b of the F17G adhesin is the only one that

lends itself to a structural study of the interactions with

oligosaccharides larger than disaccharides, thus providing a

tool for further interaction studies. The extra information

gained from structural studies on several natural variants will

support the understanding of the functional implications of
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the variation and its role in the evolution of bacterial

genomes.

5. Conclusion

In their recent review, Dale et al. (2003) argue that the protein

rather than the precipitating agent should be considered as the

most important variable in screening for crystallization

conditions. Our observations support this proposal. We would

like to emphasize that the ways to influence the protein

variable can be straightforward, without inherently involving

engineering work such as site-directed mutagenesis of surface-

located residues, the search for ligands to make crystallizable

complexes, enzymatic deglycosylation or limited proteolysis,

but often can be found directly at the source within the same

species. Such a situation occurs frequently in prokaryotes,

where several sequences of a given gene are known that only

differ to a limited extent. By natural selection, variant proteins

will be generated that probably do not differ significantly in

biochemical and physical features such as the general struc-

ture and the function of the protein. Usually, the sequence

differences in a given gene between strains allows sufficient

variation at the protein level to avoid the need for artificial

mutagenesis. On the other hand, the sequence variation may

be sufficiently limited to avoid elaborate reoptimization of

expression and purification protocols, which is a potential

drawback of the structural genomics approach using homo-

logous proteins from other organisms. In addition, since the

variations will tend to affect surface-exposed residues for the

fine-tuning of functions and systemic interactions of the

protein, they may lend themselves very well to generating

alternative molecular-packing interactions. Our example, the

fimbrial adhesin F17G, displays natural variation to broaden

the host specificity of enterotoxigenic E. coli. A supplemen-

tary advantage of this strategy is the extra functional infor-

mation that can be gained from the observation of the

different crystal forms as a starting point in the search for the

functional implications of the structural diversity.
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