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Fig. 2 Initial and final electron density maps for two regions of N1-
N2, contoured at the 1.2 o level. a, Experimental map obtained
with MAD phases modified using the program DM%. The density
around Pro 213 already clearly indicates the cis conformation of
this residue. b, The same fragment shown the final 2F, - F. map.
c.d, The experimental and final electron density maps around oxi-
dized tryptophan, Tro 21. It is clear even in the experimental map
that the hybridization of the CG carbon is not planar, as would be
expected for tryptophan, and that a non-hydrogen atom (presum-
ably oxygen4’) is bound to CD1. An unmodified tryptophan residue
Is superimposed to visualize the differences. Figure prepared with
the program Bobscript, a modification of Molscriptés.

— e ————

intradomain contacts, whereas no such stabilization is
provided for h10/11. However, it is likely that both
domains share common origins.

Comparison of N1-N2 with related proteins

An attempt to compare the structure of N1-N2 with all
known folds found in the Protein Data Bank, using the
program DALIP, did not result in identification of any
significant similarities to the two-domain construct.
Some similarities have been found, however, for the indi-
vidual domains. In particular, the N2 domain shows
detectable similarity (Z-score 2.1) to the PDZ domain
from human discs-large protein (PDB designation
Ipdr)'e. This similarity (r.m.s.d. 3.6 A for 50 Co pairs)
covers the long strand extending from Ala 119 to Ser 128,
parts of strands 38—[11, and helix &2, and thus includes a
significant portion of the PDZ domain, which is consider-
ably smaller than N2. However, two [3-strands of PDZ that
form part of its core do not have counterparts in N2, so
the significance of this similarity should not be overstated,
although 1t is interesting to note that PDZ, like N2, is
involved in protein—protein interactions.

No similarities with a Z-score of 2.0 or more were auto-
matically detected for the N1 domain by using DALI. The
only reported correlation was with the structure of
homopexin (PDB designation 1hxn)'”. The Z-score of 1.1
cannot be considered significant, and the similarity was
limited to three B-strands that did not form a domain.
However, a comparison with the permuted SH3 domain
(PDB designation 1tuc)'®, previously identified as similar
to N1'%, showed an r.m.s.d. of 2.8 A for 41 Ca pairs,
although there is no detectable sequence homology
between these proteins. As is the case with PDZ, the role
of the SH3 domain is to interact with other proteins, so a
structural relationship to N1 would be plausible.

Comparison with N1 in solution

The structure of a fragment comprising residues 2—-67 of
the N1 domain was previously reported based on NMR
data!®. This structure (PDB designation 1fgp) is an
ensemble of 15 models, with no average structure. When
we calculated such a structure with the program MOL-
MOL?, the structure could be superimposed on the N
domain with the an r.m.s.d. of 2.2 A for 63 Ca pairs. A
similar deviation was present for model 5 in the ensemble,
which was the closest to the average structure that we
computed. These differences are somewhat larger than
those reported for other highly refined X-ray and NMR
structures of proteins (for example, IL-8, ref. 21; and
MCP-1, ref. 22), and are mostly influenced by the differ-
ences in conformation of five turns, as well as of the C ter-
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Fig. 3 Ribbon representation of the N1
domain (blue) and N2 domain (red) with-
in one molecule of N1-N2. The proper
pair of domains forming a single mole-
cule was deduced from an analysis of the
crystal contacts, as well as from a com-
parison of the domain interactions with
those described previously using NMR

techniques'®. Figure prepared with the
program Ribbons?°,

minus of N1. Whereas the coordi-
nates were provided for the C-ter-
minal part of the N1 domain in the
NMR models (including several
engineered residues, not present in
the native sequence), this region
was not visible at all in the X-ray structure, although it would
have been possible to accommodate the NMR models for this
region into the crystal packing. It is not clear, however, how
meaningful was the identification of the C terminus in the
NMR structures, since the coordinates were so widely divergent
in different models that any particular discrepancy may not
reflect significant differences between the results obtained by
these two methods. The differences observed for the turns Lys
25-Thr 26-Leu 27 or Thr 13—Glu 14—-Asn 15-Ser 16 may be a
result of interactions with the N2 domain. These differences
may thus illustrate real conformational changes of the N1
domain resulting from the separation of the N1 and N2
domains. A number of other discrepancies, mostly minor, can-
not be explained at the current stage of analysis.

The N1-N2 interface

[t has been shown previously!? that similar surfaces of the N1
domain participate in adhesion either to the N2 domain of g3p
or to TolA, an E. coli protein utilized by the phage in the infec-
tion process. Therefore, the analysis of the contacts present
within the N1-N2 interface defines, on the atomic level, the
regions of the N1 domain involved in phage infection. In turn,
the respective areas of the N2 domain may provide some clues
to the surface properties of the N1 epitope in TolA. The similar-
ity of the region of interaction between N1 and N2 to the area
that was previously reported strongly supports the assumption
that the two domains described here indeed form a single mol-

interface, and they are contributed exclusively by the region of
the N1 domain situated between Lys 22 and Arg 29. In particu-
lar, only four residues out of 23 (Lys 22, Asp 24, Lys 25, and Asp
28) utilize their polar side chains in the interactions with the
N2 domain. The N2 interface, in turn, is quite hydrophobic,
and fewer residues (17) participate in contacts with the N1
domain. The charge distribution over the contact surface of
each domain is shown in Fig. 5. This figure also illustrates the
topological properties of the interface, showing the finger,
formed by 6 and 13 in the N2 domain, surrounding the
smaller N1 domain. As mentioned above, we could not confirm
all of the previously reported interdomain contacts!®.
Depending on the approach, we found that either 15 or 13
residues (out of 36) that were listed as part of the N1 domain
interacting with N2 did not make such contacts, and some of
them (for instance, Val 58, Trp 21, Thr 41 or Cys 35) were actu-
ally located on the side of the N1 domain distant to the N2
domain. In turn, three residues forming close contacts to the
N2 domain (Gly 48, Cys 53 and particularly Ser 16) were not
identified before.

Crystal packing

As indicated by the moderate solvent contents (~40%), N1-N2
is relatively tightly packed in the crystals. The bulk solvent is
found mainly in two topologically distinct regions. One region
1s shaped as a long, nearly cylindrical, straight channel formed
by coaxially aligned barrels from the N1 domains and is com-

ecule, which could not be delineated unambiguously due to the
absence of the interdomain linker in the X-ray model.

We assessed the interdomain contacts in two ways, using dif-
ferent measures. In the first approach, the interface was ana-

plemented by fragments of the N2 domains. The diameter of
this channel is ~11 A when measured between Co. atoms of
participating residues. The other solvent-containing region is a
large spherical area (~40 A in diameter). From the position of

lyzed visually and all pairs of residues that were within contact
distance (at least one atom of the residue in N1 is interacting
with an atom of any residue in N2 through a distance shorter
than the sum of their van der Waals radii) were assigned as part
of the interface. In the second approach, the interface residues
were considered to be those for which the solvent-accessible
areas calculated for separated domains were different from
those in the two-domain NI1-N2. The results from both
approaches are illustrated in Fig. 4a. Both of the approaches
that we used delineate almost the same set of residues, consis-
tent with the results of the NMR experiments!?, except that the
number of contacts seen in the crystal structure is significantly
lower. It is thus most likely that the N1 and N2 domains, as
shown in Fig. 3, are part of the same molecule. Additional evi-
dence for this observation comes from the analysis of crystal
packing. Only a few charged residues are located within this
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Pro 65 and Glu 91, the last residues to be seen before the disor-
dered region, it is clear that the interdomain linkers are located
in such spherical regions. The analysis of specific contacts
between different domains also supports the identification of
the N1 and N2 domains belonging to a single molecule, since
the interactions between the N1 and N2 domains, other than
those shown in Fig. 3, are limited to just a few contacts.

Implications for infection

The intimate association and horseshoe shape of the N1-N2
domains now suggests how the initial phases of the phage infec-
tion may proceed. Several lines of evidence point to the N2
domain as making the most important contacts with the pilus.
In the absence of N2, only a low background infection is
observed, which is independent of the presence of a
pilus!!1223.24 but requires Co2*. Such a phage with only N1 may
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are green. The secondary structure
elements are also shown as cylinders
(o-helices) and arrows (B-strands) in
blue and red for the N1 and N2
domains respectively. The 11-residue
fragment of both domains, shown
within the box, corresponds to the
sections of the hairpins hp4/5 and

GLA PE 6 & h310/11. These sections have the
SSKAMY 177 same length and a moderate

= sequence homology, and theform a

topologically identical motif. In the

crystal structure, however, they have

different orientations that are stabi-

lized differently in each domain. The

cis-proline residues in N2 are also

marked. Residues participating in

6 8 contacts between the N1 and N2

217 domains, as judged visually, are indi-

cated with purple dots. Results of a

similar analysis, base on the differ-

ences in solvent accessibility calculat-

edwith the program NACCESS

(http://www.biochem.ucl.ac.uk/~roman/naccess/nac-

cess.html), are shown in the form of horizontal bars.

Red boxes indicate residues for which solvent accessi-

bility in the complex is less than 30% of that in an iso-

lated domain; orange, 30-70%,; and yellow, more

than 70%. b, Structurally superimposed domains N1

(blue) and N2 (red) represented as tubes. The hair-

pins hPB4/5 and h310/11 are highlighted. The frag-

ments that are structurally unique in each domain

are represented by thinner tubes. The terminal

residues are labeled. ¢, A topological diagram of the

N1-N2 fold with B-strands indicated by arrows and -

helices by cylinders. Elements identified in the N1

domain are shown in blue, whereas the N2 elements

are red. Darker shades are used to indicate two struc-

turally equivalent fragments in both domains. The
interdomain linker is represented by a dotted line.

have once existed, and the similar fold sug-

gestes that N2 may have arisen by gene

duplication. Furthermore, the related IKe

phage that is specific for N-type pili, has a

¢3p with homology to the N1 domain, but
not to the N2 domain®. When the inhibition of
infection of a wt phage with N1, N2, and N1-N2
was tested?*, they were found to inhibit at about
10 M, 10®* M, and 5 x 10° M (midpoints),
demonstrating the binding of N2, but also some
synergistic binding of N1 and N2.

This is now understandable from the structure of
N1-N2. The horseshoe-like shape of the two-
domain molecule is accompanied by a large num-
ber of exposed aliphatic residues (in the NI
domain) and threonine residues (in the N2
domain), all pointing into the central channel.
Thus, it is very likely that this central part of the
molecule constitutes a binding site, probably for
the pilus.

[t 1s tempting to speculate that after this binding
site has interacted with the pilus, and the pilus has
retracted the N1 domain then becomes dislocated
upon contacting TolA. Such dislocation would
make N1 independently tethered. It is known that
TolA, TolQ, and TolR are all needed for the infec-
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Fig. 5 The interdomain contact surfaces are
shown in the semi-transparent form and related
to each domain as represented by the two-col-
ored tube. The N1 domain is shown at the top.
The yellow sections of the tubes denote
hydrophobic residues. The surface areas in blue
correspond to positively charged residues, and in
red, to negatively charged residues. In this view,
the domains are separated and rotated in oppo-
site directions to expose the contact surfaces.

—

tion process® These proteins are
assumed to be involved in the uptake of
macromolecules as well as in maintain-
ing membrane integrity’. Recently, the
initial contact within E. coli was suggest-
ed to be provided by the C-terminal
domain of TolA'?, which is contacted by
N1.

The F-pilus is made of pilin, a very
hydrophobic protein consisting of 70
amino acids, that carries only five posi-
tive and three negative charges®. Its structure is as yet
unknown, but fiber diffraction studies have suggested that the
pilus has pentameric symmetry*’. Similarly, the cylindrical sur-
face of the filamentous phage is covered by the gene8 protein
which has also been found to be arranged in fivefold symme-
try?%. Although five copies of g3p have never been seen directly
in electron microscopy (EM), they have been proposed from
biochemical studies®*. A tive-fold symmetry would be most
easily consistent with the symmetry of the phage and the pilus,
which would explain the fact that binding occurs only at the tip
of the pilus” and that initial docking is so tight as to be irre-
versible’!. There is no indication of oligomerization of the N1-
N2 complex in the crystal structure presented here, and thus,
the pentameric arrangement at the tip of the phage is most like-
ly caused by the C-terminal domain or even the C-terminal
hydrophobic anchor and/or its association with gene6 protein.
Studies using EM suggest that the N-terminal domains are
actually separated from the bulk of the phage®, and we can now
interpret the globule seen in EM® as the complex of N1 and N2.
However, we cannot rule out a potential interaction of the N1-
N2 complex with the CT domain that may have been destroyed
during the preparation of the sample for EM.

Implications for phage display and SIP

The N terminus of N1 and the C terminus of N2 (and thus, the
rest of the phage) are close together. This positioning has the
remarkable implication that a peptide or protein, which 1s dis-
plaved fused to the CT domain (so-called ‘short fusions’; Fig. 1)
or fused to the N1 domain (so-called ‘long fusions’; Fig. 1) 1s
actually presented at a similar region on the phage. Both
fusions are far from the inside of the horseshoe, where the
interaction with the pilus may occur, which may explain why
they do not interfere with the infection process.

[n model experiments for developing the SIP technology B-
lactamase has been inserted between N1 and N2, vielding high-
ly infective phages®*. In this enzyme, the N and C terminm are
close together, thus being ideally compatible with the ends of
N1 and N2 that are also close together. In the SIP strategy, the
N-terminal domains that are required for infection are decou-
pled from the rest of the phage to give a so-called ‘adapter’, and
are attached to the phage only by a non-covalent cognate inter-
action. Therefore, infection is strictly dependent on the cog-
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nate interaction, providing a very powerful selection system.
The N1-N2 adapter (Fig. 1, bottom) corresponds to the mole-
cule that we have now crystallized, where the antigen would be
fused to the C terminus (at position 217) through a flexible
linker. However, an adapter consisting only of N1 is also func-
tional, and the ‘interruption’ of the g3p arrangement by the
protein—ligand pair is also possible’* between N1 and N2 or
between N2 and CT (Fig. 1). However, further work on the
dynamics of the domains in the infection process will be
required to optimize such systems.

Methods

Protein production and purification. Direct sequencing of g3p
isolated from phage had shown that it begins with Ala-GIx-Thr32
and thus its signal sequence is 18 amino acids long*. The sequence
encoding residues 1-217 of mature g3p from M13mp18 (ref. 33)
that was extended with an N-terminal methionine residue (that
would become cleaved) and with the sequence Pro-Ser-Gly-His; at
the C terminus was cloned into the vector pTFT7434 under control of
the T7 promoter and expressed in BL21(DE3)3>. For producing the
selenomethionine-labeled protein, the construct was expressed in
DL41(DE3)3®, using a synthetic growth medium containing seleno-L-
methionine (Se-Met)3¢, The recombinant protein was purified from
cytoplasmic inclusion bodies in the presence of 8 M urea, using the
coupled IMAC-AIEX protocol?®’. It was refolded by dialysis against 0.2
M Tris-HCl (pH 8.5), 0.4 M arginine, 0.2 M guanidinium hydrochlo-
ride, 0.1 M (NH,),50,4, 2 mM EDTA, using a redox shuffle containing
1T mM oxidized glutathione and 0.2 mM reduced glutathione?.
After the buffer was changed to 50 mM Tris-HCl (pH 7.5), the pro-
tein was subjected to AIEX chromatography on a perfusion chro-
matography HQ column with NaCl gradient (0-210 mM), using a
BioCAD 60 system (Perseptive Biosystems). The eluate was then sub-
jected to gel filtration on a Sephacryl S-100 26/60 column
(Pharmacia) in 50 mM Tris-HCI (pH 7.5), 150 mM NaCl. Removal of
the N-terminal methionine residue, resulting in the correct N termi-
nus of mature g3p, was verified by mass spectroscopy. The yield
obtained from 8 L of E. coli culture was 150 mg of pure protein.

Crystallization and data collection. The best crystals were
obtained from 5 ml of N1-N2 at ~10 mg ml-! with 5 ml of precipi-
tant (0.2 M (NH,),SO,, 30% (w/v) PEG-4000, 2 mM DTT, 50 mM
PIPES buffer pH 6.5). The first crystals appeared after ~30 days (2
weeks in the case of Se-Met analogs) and reached their final size
(average linear dimensions, 0.1 mm) during the next two to three
weeks. The ability to crystallize was not affected by lyophilization
of the samples. Before the crystallizations were set up, the pro-
tein was dialyzed against 50 mM PIPES buffer (pH 6.5), 2 mM DTT.
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Table 1 Statistics of data collection, processing, and structure refinement for N1-N2

Crystal Wavelength Number of reflections Completeness (last shell)! Rym (last shell)? <l/o>
(resolution) (A) Total Unique A B A B
#1, Se-Met 0.97934 (A1) 153,149 21,976 99.6 (100) 99.8 (100) 0.071 (0.157) 0.069 (0.151) 13.8
(2.15 A) 0.97927 (12) 152,945 21,981 99.6 (100)  99.8 (100) 0.071(0.158)  0.068 (0.151)  13.8
0.97915 (A3) 151,853 21,963 99.4(99.9) 99.7 (100) 0.072 (0.161) 0.069 (0.154) 13.5
0.96614 (A4) 153,230 21,966 99.5 (100) 99.7 (100) 0.074 (0.165) 0.071 (0.158) 13.3
#2, Se-Met 0.98 184,454 43,648 100. (100.) 97.9 (95.5) 0.078 (0.393) 0.074 (0.371) 11.1
(1.70 A) 24,0272
#3, native 0.98 282,603 37,5112 99.8 (99.2) 0.034 (0.110) 27.0
(1.46 A)
Refinement information (crystal #3)
Resolution (A) 8-1.46 Average B 16.1 Residues in Ramachandran plot (%)?
No. reflections(F > 26(F)) 36,895 R.m.s.d.* bond lengths 0.009 Most favored 87.1
Completeness (F > 26(F)) 97.6% angles 1.584 Additional 12.9
Ruori 0.187 dihedrals 27.019 Disallowed 0.0
Riree® (10% of data) 0.225 impropers 1.265
No. non-hydrogen atoms 1,890
No. water molecules 312

Remn =24 | I-< I>;| /% I,, where i extends over all unique reflections with Bijvoet pairs merged (A) or separated (B) during scaling, and <I>; is the mean

of I; observations. The resolution ranges defining the last shell are 2.23-2.15 A (crystal #1), 1.76-1.70

(crystal #2), and 1.51-1.46 A (crystal #3).

2Reflections ﬁhkl) and (-h-k-1) are assumed to be equivalent and are merged.

3anrkffre~e=z |Fu|"‘F¢| ‘
observed reflections.

/T | F,|where F, and F. denote observed (I'?2) and calculated structure factors respectively, and summation extends over all

4The Ramachandran plot was generated in PROCHECK?3? and the r.m.s. deviations from ideal target values were calculated with X-PLOR%,

—

The latter additive was crucial for successful crystallization of the
Se-Met variant.

The X-ray data were collected from three crystals on the X9B beam-
line at NSLS, Brookhaven National Laboratory (Upton, New York, USA)
using a MAR345 image plate detector, at a temperature of 100 K.
Before flash freezing, all crystals were transferred momentarily to the
mother liquor enriched with 20% (v/v) glycerol. Crystal #1 was used for
the MAD experiment33, whereas crystals #2 and #3 were used to collect
high-resolution data for the Se-Met variant and the native protein
respectively. The crystals are trigonal in space group P3,21, with one
molecule per asymmetric unit, 40% solvent content, V,, of 2.1 A3-dal-
ton! (ref. 39) and unit cell dimensions a = 48.61 A c=153.77 A (crystal
#1),a=48.56 A, c = 153.20 A (crystal #2), and a = 48.68 A, c = 153.22 A
(crystal #3) (see Table 1). The experiment was carried out utilizing
reverse-beam geometry in data collection. The low-resolution limit for
all collected data was 22 A. Although the current high-resolution limit
for the native data set is 1.46 A, crystals of N1-N2 proved to diffract sig-
nificantly farther and we plan to extend the resolution of the data.
The data were processed and scaled with the HKL suite of programs,
Model building was done with the program O*', which was also used
later for manual corrections. The refinement and map calculations
were done with X-PLOR#?,

At the time of data collection, the station X9B was not yet opti-
mized for MAD experiments and we were not able to measure absorp-
tion spectra on either the crystal used for data collection or other
crystalline samples of N1-N2. Ultimately, we obtained such spectra
from crystals of an unrelated protein and thus were not able to opti-
mize the selected wavelengths of radiation. To compensate for this
shortcoming, we collected inflection point data at two energies 1 eV
apart (A1-2), in addition to data at the putative absorption peak (A3)
and at a remote high-energy point (A4). The statistics of data collection
are listed in Table 1.

Structure solution and refinement. Although the data were of
good quality, the presence of either anomalous or dispersive signals
could not be ascertained from scaling statistics, since the R-factors for
anomalous differences, as reported in the program PHASES*, varied
only between 1.7% and 2.0% among the four data sets, whereas the
R-factors between the remote data set and the other three were in the
range of 1.3-1.6%. However, the locations of both selenium atoms
expected in the N2 domain could be readily ascertained both by auto-
matic Patterson superposition and by direct methods (both imple-
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mented in the program SHELX97; ref. 44). Anomalous signal was pre-
sent for wavelengths 2-4, whereas the best dispersive signal was
found, as expected, for a combination of remote (A4) and edge (A1)
data. These data, together with the anomalous data for the absorp-
tion peak, were used in traditional single isomorphous/single anom-
alous refinement (SIRAS) in PHASES*. The resulting Cullis R-factors
were 0.58 and 0.64 for 3.5 A and 2.5 A data respectively. Solvent flat-
tening using the procedure of Wang? at 3.5 A resulted in a map inver-
sion R-factor of 0.212, a correlation coefficient of 0.890, and a mean
figure of merit of 0.850 in space group P3,21. The corresponding indi-
cators in space group P3,21 were 0.187, 0.923, and 0.857 respectively,
establishing the latter to be correct. Further density modification and
histogram matching, performed with the program DM (part of the
CCP4 suite®), resulted in readily interpretable 2.5 A maps (Fig. 2a,¢).

A skeletonization procedure of the 3.5 A SIRAS map, as imple-
mented in the program PHASES43, was used for the initial tracing of
the chain, while detailed model building was based on a
2.5 A density-modified map. The skeleton allowed us to recognize
the structural elements of the N1 domain and adequately superim-
pose its NMR model. Additionally, the SIRAS map was very clear in
the areas around the two Se sites, from which we began generation
of the N2 domain. In all questionable areas, the original sequence
of N1-N2 was substituted by a polyalanine model. The correctness of

- the partial model was confirmed by identification of the third disul-

fide bridge that connected independently generated parts of the
model. Out of 190 residues built into the SIR map, the conformation
of only a few had to be corrected during refinement. The refine-
ment began at 2.5 A resolution, and the high-resolution limit was
reached in several cycles interspersed with visual map inspection.
Initially, each refinement cycle employed simulated annealing, posi-
tional refinement, and overall (later substituted by a group) B-fac-
tor refinement. Simulated annealing was discontinued after the
resolution of data extended beyond 2.0 A, and most of the model
was well refined. At this stage, isotropic B-factors for individual
atoms were refined and water molecules were included. During the
entire run of refinement, Trp 21 was substituted by an alanine, since
we found it impossible to fit a standard Trp to the side chain densi-
ty. The detailed conformations of residues 157-161 were also deter-
mined from the electron density omit maps, and Pro 161 was found
to be present in cis conformation. The final 2F, - F. and omit maps
for the side chain of Trp 21 identified the probable chemical modifi-
cation of this residue as oxidation. A model of oxidized tryptophan
(containing an oxindole group, 1,3-dihydro-indole-2-one) fits the
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electron density very well. Although such a modification has not
been described previously in a protein crystal structure, it is a com-
mon chemical modification of tryptophan4’. The source of this
modification is not known at this time.

The interdomain linker residues (66-90) and three C-terminal
residues, as well as the six-His linker, are excluded from the current
model because the corresponding electron density peaks could not
be identified. The final model consists of 192 amino acid residues
including one non-standard residue (oxidized tryptophan, Tro 21,
made up of 15 non-hydrogen atoms) and two proline residues in cis
conformation, one sulfate anion, and 312 water molecules. Two
water molecules are located on a two-fold axis, with an occupancy
of 0.5. Seven residues, comprising 57 non-hydrogen atoms, have
been modeled in two alternate orientations with occupancies of
0.5. The average B-factor for non-hydrogen protein atoms is 12.8 A?;
for water molecules, 31.3 Az,
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