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Abstract

The Escherichia coli periplasmic dipeptide binding protein functions in both peptide transport and taxis toward
peptides. The structure of the dipeptide binding protein in complex with Gly-Leu (glycyl-1-leucine) has been de-
termined at 3.2 A resolution. The binding site for dipeptides is designed to recognize the ligand’s backbone while
providing space to accommodate a variety of side chains. Some repositioning of protein side chains lining the bind-
ing site must occur when the dipeptide’s second residue is larger than leucine. The protein’s fold is very similar
to that of the Salmonelia typhimurium oligopeptide binding protein, and a comparison of the structures reveals
the structural basis for the dipeptide binding protein’s preference for shorter peptides.
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The dipeptide permease transports dipeptides across the Esch-
erichia coli cytoplasmic membrane with high affinity, allow-
ing a wide variety of dipeptides to enter (Payne & Bell, 1979;
Perry & Gilvarg, 1984). Dipeptides as structurally and chemi-
cally diverse as glycyl-glycine, lysyl-lysine, and phenylalanyl-
phenylalanine are taken up at about the same rates (Payne &
Bell, 1979). A 57-kDa periplasmic binding protein, the product
of the dppA gene, acts as the initial receptor for dipeptides dur-
ing their uptake through this system. The dipeptide binding pro-
tein also plays a role in chemotaxis toward dipeptides, acting in
concert with the inner membrane-bound Tap protein to initiate
the chemotactic swimming response to dipeptides (Manson
et al., 1986).

A number of binding protein structures have been solved, and
some common themes have emerged (reviewed in Quiocho,
1990). The ligand binding site is invariably located between two
domains that are joined by two or three connecting strands func-
tioning as a hinge. The bound ligand is typically buried by the
protein and inaccessible to solvent. This form of the protein is
termed the “closed” form. In the “open” form of the protein,
relative rotation of the two domains makes the binding site ac-
cessible to solvent, allowing entry and exit of ligand. Residues
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from the two domains on the face of the protein opposite the
hinge are brought close together by the closing of the protein,
and only in the closed form do they have the proper positioning
for interaction with the membrane components of the transport
machinery (and the membrane-bound chemotaxis transducers,
for those binding proteins with roles in both transport and taxis).
The dipeptide binding protein, with 507 residues in the ma-
ture form, is larger than most periplasmic binding proteins. It
is a member of a family of binding proteins responsible for the
uptake of peptides, heme, and ions such as nickel (Hanson
et al., 1992; Tam & Saier, 1993). Only one structure of this fam-
ily has been reported to date, that of the oligopeptide binding
protein from Salmonella typhimurium (Tame et al., 1994), This
structure was the first example of a periplasmic binding protein
constructed from three domains rather than the usual two.
The di- and oligopeptide binding proteins differ in several re-
spects. The dipeptide binding protein binds dipeptides and some
tripeptides, whereas the oligopeptide binding protein can bind
di-, tri-, tetra-, and pentapeptides. The dipeptide binding pro-
tein is involved in taxis toward dipeptides, whereas the oligo-
peptide binding protein plays a role in recycling of cell wall
peptides, which precludes any involvement in sensing peptide
gradients (Goodell & Higgins, 1987). We discuss here the 3.2-A
structure of the dipeptide binding protein in complex with the
dipeptide Gly-Leu (glycyl-L-leucine) and consider some of the
implications of the structure for the protein’s function.
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Results and discussion

Description of the structure

The overall dimensions of the dipeptide binding protein are
70 x 30 x 55 A. The Ca trace of the molecule appears in Fig-
ure 1 and Kinemage 1, and a representative view of the experi-
mental electron-density map is shown in Figure 2. The protein
is organized in three structural domains, all members of the a/3
class of folds. Domain [ includes residues 1-33, 183-260, and
479-507; domain II includes residues 34-181; and domain IIl
includes residues 261-478. The overall fold of the dipeptide
binding protein is similar to that of the oligopeptide binding pro-
tein, as discussed below. Most other periplasmic binding pro-
teins are constructed from only two domains corresponding to
domains I and 111 of the dipeptide binding protein. The topol-
ogy of these domains is most similar to that of the group II bi-
domain binding proteins, which are responsible for the uptake
of sulfate, phosphate, maltodextrins, lysine/arginine/ornithine,
and histidine (Spurlino et al., 1991; Louie, 1993).

Figure 3 shows the topology of the 3-sheets in domains I-111,
and Table 1 introduces the nomenclature used to describe the
secondary structure elements in each of the domains (Kinemage 1).
Domain I forms a seven-stranded, twisted 8-sheet. The 3-sheet in
this domain is similar to the five-stranded, doubly wound 3-sheet
in the N-terminal domain of the group II bidomain binding pro-
teins, with a 3-hairpin from residues 185-200 contributing two ad-
ditional strands to the sheet. As in the bidomain binding proteins,
there are two 8/« units that partially cover one face of the sheet
with a-helices. The sheet is of mixed topology, with five parallel
strands. The C-terminal ends of these strands are located at the in-
terface with domain III. In the bidomain binding proteins, the li-
gand binding site is formed in part by the C-terminal ends of these
strands. In the dipeptide binding protein, the loop following strand
B1-1 contributes residues 20-22 to the binding site.

Domain III is also built around a twisted, doubly wound
B-sheet. The sheet is of mixed topology, with the C-terminal ends
of four of the six strands located at the interface with domain I.
The sense of winding of the 8/« units changes between strands
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B1-111 and B3-1I1 of the sheet, and the loops connecting the
C-terminal ends of these strands to the following «-helices con-
tribute residues to the binding site. Arg 355 in the loop follow-
ing strand 31-111 forms an ion pair with the ligand’s carboxy
terminus, and Asp 408 in the loop following strand 83-III in-
teracts with the ligand’s amino terminus (Fig. 4). The last hy-
drogen bond between strands §1-111 and 33-111 is between the
carbonyl oxygen of residue 349 in strand $1-11I and the pepti-
dyl nitrogen of residue 402 in strand 83-111. Strand 33-111 con-
tinues to residue 406; this extension and the dipeptide ligand are
antiparallel with respect to one another and form two hydrogen
bonds of the type present in antiparallel 3-sheets. The interface
between domain [Il and domains 1/11 is extensive, totaling
1,400 A2, or roughly 15% of domain 111’s solvent-accessible
surface area.

Domain II has no equivalent in the bidomain binding pro-
teins. The endpoints of domain II were chosen based on the ob-
servation that residues 33 and 183 of domain I are close enough
in space (4.2 A Ca to Ca distance) to consider insertion or de-
letion of the sequence encoding domain [I as a possible event
relating the dipeptide binding protein to the bidomain binding
proteins. Domain 11 includes a four-stranded antiparallel 3-sheet
with «-helices packed against its hydrophobic face and a hydro-
philic face exposed to solvent. It forms interfaces of largely hy-
drophilic character with both domains I and IIl. Domain 11
contributes only two residues to the binding site: the hydroxyl
group of Tyr 114 provides a hydrogen bond to the amino group
of the ligand, and the side chain of Asp 153 is located at the end
of a pocket that accepts the side chain of the first residue of the
dipeptide ligand.

Tam and Saier (1993) aligned sequences of seven binding pro-
teins specific for peptides and nickel. The sequences are most
similar in domain 11, and Tam and Saier identified a signature
sequence specific for this family. The five invariant residues in
the signature sequence are Ala 51, Asp 59, Thr 64, Arg 68, and
Lys 72 (Kinemage 1). Ala 51 is located two residues before the
beginning of the first strand of the 8-sheet in domain 11, and its
side chain forms part of the hydrophobic core of the domain.
Packing of the core requires a small hydrophobic residue at this
position. Arg 68 is located at the C-terminal end of strand 32-11,

Fig. 1. Cao trace of the dipeptide binding pro-
tein. Domain L is at the bottom right, domain 1
is at the bottom left, and domain [1I is at the
top of the figure. To simplify following the
path of the polypeptide chain, disulfide bridges
have not been shown. Disulfide bridges join
Cys 6 with Cys 234 and Cys 422 with Cys 435.



Dipeptide binding protein structure

[192 b AN
27 ’fé;‘ R —
L XSS,

%5 7 -*?:’“,4,
O

AT

and its side chain hydrogen bonds to the main chain O of Gly 49
in the turn preceding the start of strand 31-I1. The side chain
stacks favorably with the side chain of Trp 205 from domain I.
The corresponding Arg in the oligopeptide binding protein
(Arg 77) makes similar interactions. The other three invariant
residues in the signature sequence are all exposed at the surface
of domain II, and there appear to be no structural requirements
for a particular residue at these positions.

The dipeptide binding site

The peptide-binding site is located between domains I and I11
(Kinemage 2). These domains are connected by two strands that
presumably function as a hinge (residues 260-262 and 478-480).
In the crystal structure, the protein is “closed,” with the dipep-
tide ligand completely buried. Figure 4 shows some of the in-
teractions the protein makes with the ligand Gly-Leu. Specific
interactions are made with the ligand’s backbone, providing hy-
drogen bonds to the carbonyl O and peptidyl N of the peptide
linkage, as well as both hydrogen bonds and salt linkages to the
charged termini. Transport studies have shown that any changes
to the ligand’s terminal amino or carboxy groups that affect their
charge are incompatible with binding (Payne & Gilvarg, 1968).
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Fig. 2. Part of the 3-sheet in domain I1I and
the dipeptide ligand are shown together with
the electron-density contoured at 1.2 times
the sigma level. A: The electron-density map
calculated with multiple-isomorphous re-
placement phases to 3.5 A resolution. B: The
map calculated with phases improved by
density modification techniques, including
fourfold averaging.

The binding site is clearly designed to select ligands with charged
termini, because both Asp 408 and Arg 355 prefer oppositely
charged partners. The spacing of these groups favors binding
of dipeptides as opposed to free amino acids. The ability of the
dipeptide binding protein to accept some tripeptides (Gly-Gly-
lle, for example [Manson et al., 1986]) suggests that Arg 355 is
free to reposition its side chain to form a favorable interaction
with the carboxy terminus of tripeptide ligands.

Two pockets opening off the binding site are positioned to ac-
cept the side chains of the dipeptide ligand, as shown in Fig-
ure 5. Both pockets can be visualized by calculating the solvent-
accessible surface of the protein (Voorintholt et al., 1989). A
large, empty pocket is present near the Ca of the dipeptide’s first
residue (a Gly residue in the crystal structure). This pocket ap-
pears to be large enough to accept any of the 20 naturally oc-
curring side chains, and is probably occupied by water in the
complex with Gly-Leu. The walls of the pocket are formed by
residues from all three domains: Gly 22, Asp 153, Pro 356,
Tyr 357, Thr 406, Leu 496, Gly 497, and Lys 498. The Leu side
chain of the dipeptide Gly-Leu fits into a second, smaller pocket
lined by the side chains of Thr 20 and Ser 21 (from domain I),
Trp 386, Tyr 389, Leu 390, Met 403, Trp 405, Ser 429, and
Tyr 431 (all from domain III). The main-chain N and O of



2330

A

oA .
Domain III

Domain Il JZ

N C

oH ol
p6 B7 p2 p1 B3 5 B4

Domain I
oB

B1 p2 p4 B3

C
Domain I

aN w
B2 1 B3 B

S B4 pe

Fig. 3. Simplified topology of the 3-sheets in domains I-111. A: Do-
main I. B: Domain I1. C: Domain }11. Strand numbering in domains I
and I1I follows the convention established for describing the bidomain
binding proteins. Only a-helices that can be considered part of a Baf3
motif are shown. 8-Strands are diagrammed as triangles and «-helices
as circles. Strands and helices run perpendicular to the plane of the pa-
per, toward the viewer, in this two-dimensional simplification of the pro-
tein fold. For strands parallel to one another, triangles point in the same
direction; for antiparallel strands, triangles point in opposite directions.
Thick lines indicate connections at the top of the sheet, and thin lines
indicate connections at the bottom.
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Table 1. Secondary structure®

Strand Residues Helix Residues
81-1 2-7 A-l 22-32°
37-39
46-48

B1-11 51-56

B2-11 62-67 B-11 87-98
C-11 113-117
D-I1 120-123

83-11 124-131

84-11 134-139 E-11 146-150
F-1I 160-168
G-I 173-177

86-1 185-191

B7-1 195-200

82-1 213-218 H-1 222-230

83-1 235-238¢ I-1 242-250

B4-1 254-259

85-111 263-269 J-111 279-287
K-II1 291-297

B6-111 303-305 L-111 328-337

B1-111 344-349 M-111 361-373

B2-111 377-382 N-III 386-394

83-11t 400-406 O-111 413-420
P-I11 422-427
Q-111 437-4484
R-III 452-469

B4-111 472-478

85-1 480-485

2 Secondary structural elements were defined by the program DSSP
(Kabsch & Sander, 1983), except as noted. The domain to which each
belongs is indicated.

b Distorted at residue 28, due to the presence of Pro 31; there is an
insertion near residue 29, relative to OppA.

¢ This strand is visually part of the sheet, but is slightly distorted and
missing hydrogen bonds, due to Pro 238.

4 Distorted at residue Pro 445.

Gly 404 also form part of the pocket’s wall. The side chain of
Met 403, located at the end of the pocket, appears free to move
in order to accommodate ligands with larger side chains. The
availability of crystals of the protein complexed to different di-
peptides (Dunten et al., 1993) should help settle this question.

Fig. 4. Bound dipeptide Gly-Leu and res-
idues involved in binding its backbone are
shown. The B-strand (residues 400-406)
and the dipeptide are antiparallel with re-
spect to one another. Side chains of residues
20-21 and 403-406 have been omitted for
clarity.
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Similarity ro the oligopeptide binding protein
from S. typhimurium

The sequences of the dipeptide and oligopeptide binding pro-
teins are 23% identical, with the oligopeptide binding protein
having 12 additional residues at the N-terminus and 2 additional
residues at the C-terminus. The two proteins can be aligned with
an RMS deviation (RMSD) of 1.85 A for 444 structurally equiv-
alent C« atoms. Each of the domains can be aligned separately,
which results in a better fit for the aligned partners, while leav-
ing the unaligned domains offset with respect to one another.
If the dipeptide binding protein is first broken into three do-
mains and then these are aligned with the oligopeptide binding
protein, the RMSD is 1.55 A for 441 Ca atoms. Thus, the do-
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Fig. 5. Residues involved in forming the pocket that
accepts the side chain of the dipeptide’s second res-
idue. The contour surface is the solvent-accessible
surface calculated from the protein coordinates with-
out dipeptide. The empty pocket that accepts the side
chain of the dipeptide’s first residue is visible at the
top. The pocket that accepts the Leu side chain of
the dipeptide Gly-Leu is at the bottom.

mains of the two proteins are oriented in a slightly different
fashion.

Alignment of domain III reveals an interesting feature of the
dipeptide binding protein that is tied to its preference for pep-
tides shorter than those bound by the oligopeptide binding pro-
tein. The loop connecting strand 31-111 1o the following «-helix
is five residues longer in the dipeptide binding protein than in
the oligopeptide binding protein (Fig. 6 and Kinemage 2). In the
dipeptide binding protein, the loop reaches into the binding site
and positions the side chain of Arg 355 in proximity to the car-
boxy terminus of the bound dipeptide. In the oligopeptide bind-
ing protein, the connection between strand S1-111 and the
following a-helix is shorter, allowing for a larger binding site.
The side chain of Arg 413 is positioned to interact with the car-

Fig. 6. Cu trace of domain III from the oligopeptide bind-
ing protein (A, pdb code lola, with ligand Val-Lys-Pro-Gly)
and the dipeptide binding protein (B). Bound peptides are
shown as stick models, with their carboxy terminus closest
to the viewer when viewed in stereo. The view is clipped at
the back for clarity.
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boxy terminus of tripeptides, and the side chain of His 371 in-
teracts with the carboxy terminus of the tetrapeptide present in
the oligopeptide binding protein crystal structure. The corre-
sponding residues in the dipeptide binding protein are Met 402
and Ala 361.

Domain I plays a similar role in peptide binding in both pro-
teins. As was found for the dipeptide binding protein, domain I1
of the oligopeptide binding protein contributes residues to the
lining of the pocket which accepts the side chain of the oligo-
peptide’s first residue (Val 160, His 161, Pro 162). The side chain
of Tyr 109 hydrogen bonds the oligopeptide’s N-terminal amino
group, filling the same role as Tyr 114 in the dipeptide binding
protein.

Dipeptide chemotaxis

The dipeptide binding protein plays a role in both peptide trans-
port and taxis toward peptides. The binding protein with bound
dipeptide forms a complex with the inner membrane-bound Tap
chemotactic transducer, initiating the chemotactic swimming re-
sponse. In order to discriminate between peptide-bound and
peptide-free binding protein, it is likely the Tap transducer rec-
ognizes residues from both domains [ and III, given that these
domains must be in different orientations with respect to one
another in the open and closed forms of the protein. Mutations
in the dipeptide protein affecting chemotaxis have not yet been
characterized. Mutations affecting chemotaxis toward maltose
have been isolated in the maltose binding protein (Zhang et al.,
1992), and these mutations identify two areas on the surface of
the protein recognized by the Tar chemotactic transducer (Tar
and Tap belong to a family of structurally related chemotaxis
transducers). We can predict which residues on the surface of
the dipeptide binding protein are likely to be involved in the in-
teraction with Tap by comparing the structure with that of the
maltose binding protein (Spurlino et al., 1991). The secondary
structure elements 81-1, 32-1, 33-I, and «-helix H (all in do-
main ) are oriented almost identically in the two proteins. Mu-
tations in the maltose binding protein’s first domain, which
affect chemotaxis but not transport, are located in the equiva-
lent to «-helix H and the turn leading into strand 33-1. These
are residues 45-55 of the maltose binding protein, correspond-
ing to residues 223-233 in the dipeptide binding protein. The
similarity of the two proteins is not as great in domain 111 (the
C-terminal domain of the maltose binding protein), and we
cannot predict the location of residues likely to be involved in
the interaction with Tap with as much confidence. a-Helices K
and M are appropriately located on the surface of domain III,
and may be involved in the protein-protein interaction with Tap.

Future perspectives

The dipeptide binding protein’s role in peptide taxis can be ex-
ploited in future studies of peptide binding. For example, the
effects of mutating binding site residues on binding a variety of
peptides can be quickly assayed without the need to purify each
mutant protein. The combination of genetics and now structure
paves the way for a fuller understanding of how a wide variety
of peptides are bound with high affinity. The binding site is also
an attractive target for structure-based drug design, because anti-
biotics attached to a dipeptide backbone are known to enter the
cell via the dipeptide permease (Hammond et al., 1987). Design-
ing antibiotics for uptake by the dipeptide permease has the ad-
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vantage that the bacteria should respond to the antibiotic as if
it were an attractant. And finally, knowledge of the structure
can be applied to modeling studies (Dunten & Mowbray, 1995
[companion paper]) of related proteins in order to understand
how a binding site can be tatlored to handle ligands as diverse
as peptides, heme, and the nickel ion.

Methods

Data collection

The crystallization conditions have been described (Dunten
et al., 1993). Briefly, equal volumes of protein and reservoir
solution were equilibrated against reservoir solution in hanging-
drop vapor phase diffusion set-ups. The protein concentration
was 15 mg/mL, the dipeptide concentration was 1 mM, and the
reservoir contained 1.49 M sodium citrate, pH 6.2, 1% ethanol.
The protein crystallizes in space group P6, with a = b=182.57 A,
¢=211.88 A. Heavy-atom soaks were done in 1.5 M sodium ci-
trate, pH 6.2, with saturating concentrations of heavy-atom re-
agents for 2-4 days. Native data and the Hg derivative data were
collected at Daresbury Synchrotron Radiation Source, station
9.6, on the R-Axis image plate and 30-cm MAR image plate, re-
spectively (Table 2). The wavelength of the synchrotron radi-
ation was 0.89 A. Reflections were integrated with DENZO
(Otwinowski, 1993) and merged using the CCP4 suite of pro-
grams (Collaborative Computational Project, Number 4, 1994).
The Pt derivative data were collected on an R-Axis image plate
with a rotating anode generator providing CuK« radiation, and
processed with the R-Axis software. The low-resolution Hg data
were collected on a Xentronics area detector using CuKa radi-
ation and processed with XDS (Kabsch, 1988).

Phasing

Consideration of the Matthews coefficient (Matthews, 1968) and
the 622 symmetry of the diffraction pattern at low-resolution
suggested there were four or six molecules in the asymmetric
unit. A four-site solution to the Hg difference Patterson was
found with RSPS (Knight et al., 1990) using data to 5 A. Ad-
ditional sites with lower occupancy were picked from difference
Fourier maps. Inclusion of the anomalous Hg signal from the
synchrotron data in the phasing calculations using MLPHARE
(Otwinowski, 1991) indicated the space group was P6, and not
P6;. Ncs (noncrystallographic symmetry) operators were de-
duced by inspection of the heavy-atom sites at a graphics dis-
play using O (Jones et al., 1991). The initial ncs operators were
determined by superpositioning three heavy-atom sites (later
identified as His 105, Met 257, and His 467) from each molecule.
A solvent-flattened map was calculated based on the assump-
tion that the asymmetric unit contained four protein molecules
and therefore a solvent content of 69%. This map was skeleton-
ized to produce “bones,” and a rough mask was created around
the bones atoms of one molecule using MAMA (Kleywegt &
Jones, 1993). At this point, it was clear that the asymmetric unit
contained only four molecules. The mask and ncs operators were
subsequently used to improve the intial MIR phases via electron-
density averaging. Solvent flattening, histogram matching, and
averaging were applied in MAGICSQUASH (Cowtan & Main,
1993; Schuller et al., 1995) and DM (Cowtan, 1994) starting with
data at 5 A and extending to 3.2 A. The map calculated using
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Table 2. Data collection statistics

Resolution  No. observations No. Completeness S Ryn® R.,® Number Phasing
Data set (source) (A) (no. crystals) unique (%) (3.28-3.20 A) (%) (%) of sites power®
Native (synchrotron) 32 170,663 (2) 57,483 88 2.64 10.5 — — -
CH;HgCl (synchrotron) 3.5 119,674 (4) 46,223 92 - 8.5 14.4 8 1.2
CH;HgC! (home) 5.0 32,274 (1) 17,177 97 — 13.1 18.1 9 1.3
cis-Pt(NH3),Cl, (home) 4.0 55,740 (1) 29,541 87 - 10.9 20.7 19 1.3
Overall figure of merit 0.422 (3.5 A)

uRsym = Z“j -
* Riso = 2| Fou| — 1FP||/Z|FP‘v where | Fp|
amplitude.

I /Z 1;, where I, is the intensity of an observation of reflection j and the sum is over reflections observed more than once.
is the native structure factor amplitude and | Fpy| is the heavy-atom derivative structure factor

¢ Phasing power = RMS(| F; | /E) for acentric reflections, where | Fy| is the heavy atom structure factor amplitude and E is the residual lack

of closure.
Y The native data are 89% complete in this resolution shell.

these improved phases was of sufficient quality to trace the en-
tire polypeptide chain.

Model building /refinement

The amino-acid sequence of the protein was taken from Abou-
hamad et al. (1991) and Olson et al. (1991). An initial model
consisting of residues 1-507 was built from an edited “bones”
skeleton using the baton commands in O. Only the loop from
residues 74-79 is not well defined by the density. The initial
model placed side chains in a rotamer conformation, as tabu-
lated in Ponder and Richards (1987). The four independent mol-
ecules in the asymmetric unit were constrained to be identical
during refinement in X-PLOR (Briinger et al., 1987) in order
to maintain a favorable observation to parameter ratio (Table 3).
The initial R-factor for the model was 0.456 (R-free 0.455) for
data in the 12-3.2-A range. After rigid-body refinement and
positional refinement to relieve bad contacts, the R-factor was
0.322 (R-free 0.332). The model was examined in the regions
where PROCHECK (Laskowski et al., 1993) indicated Rama-
chandran violations and in the regions where O reported high
pep_flip values, and adjusted where needed. Adjustments to
the model, simulated annealing refinement, and further posi-
tional refinement lowered the R-factor to 0.265 (R-free 0.285).
A solvent correction was applied in X-PLOR using data between
25 and 3.2 A, producing better agreement between observed and
calculated structure factor amplitudes for reflections in the
12-6-A range. The solvent correction was applied throughout

Table 3. Quality of the model

4,061

No. non-hydrogen atoms per monomer

No. reflections total 57,347
Resolution 25-3.2 A
R-factor 0.223
No. reflections for R-free 2,915
R-free 0.240
RMSD bond distances 0.008 A
RMSD bond angles 1.4°
Average B factor 21.5 A2

the remainder of the refinement, which made use of all data be-
tween 25 and 3.2 A. The ligand was fit to the electron density
in the binding site, and then group B factors were introduced.
The R-free indicated that grouped B factors consisting of main-
chain N, C, O, C«, C3 in one group, and all remaining side-
chain atoms in a second group, were preferable to the default
grouping in X-PLOR with N, C, C« as main chain and all oth-
ers as side chain. Regions of the molecule with above-average
B factors (residues 75-83 and 168-171) are those that are not in-
volved in any crystal contacts. Note that this B factor model
(with strict ncs applied) effectively averages across all four mol-
ecules in the asymmetric unit. In some cases, side chains on the
surface of the protein are involved in crystal contacts in one or
more molecules, but not all four. In these instances, the B fac-
tor for the side chain atoms includes contributions from both
the well-defined side chains involved in crystal contacts and the
side chains of the molecules for which there are no crystal pack-
ing effects. The final 2F, — F. maps indicate breakdown of the
ncs due to crystal packing for the side chains of Met 259 and
Arg 362: we have modeled these in a single conformation. The
N-terminal Lys is visible in only one of the four molecules, where
it is held in place by crystal packing. The current model has no
Ramachandran violations. At this stage of refinement, no water
molecules have been added to the model. The coordinates have
been submitted to the Brookhaven Protein Data Bank and will
be available as entry 1dpp.
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