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Bence Jones KWR protein structures determined by

X-ray crystallography

A Bence Jones protein isolated in the early 1960s from a
patient (initials KWR) suffering from plasma-cell dyscrasia
was crystallized and its structure was analyzed in four different
unit cells by X-ray diffraction. The final models of the
molecule in all crystal forms were virtually the same, although
the elbow angles relating the constant and variable domains of
the Bence Jones dimers varied over a range of 10°. The
tetragonal form had an R factor of 22.6% and an Ry, of
283% at 2.2 A resolution. Phosphate or sulfate ions (depen-
ding on the crystallization conditions) were found in the
antigen-combining sites in all crystals, as well as an un-
identified ligand tightly bound in the hydrophobic ‘deep
pocket’ beneath the antigen-binding site. The ligand was
treated as a phenol molecule. Two trigonal crystal forms were
among those solved. One was grown at pH 4.0 and the other
was only obtained after sitting for more than eight months at
room temperature. The latter crystal was composed of
molecules that were degraded in their constant domains. Both
low pH and proteolytic degradation of constant domains are
known to promote the polymerization of some Bence Jones
proteins into amyloid fibrils. Indeed, in both trigonal crystal
forms the molecules are organized with pseudo-hexagonal
symmetry about the unique crystallographic axes in a manner
suggestive of such fibrils. The arrangement of Bence Jones
dimers is also consistent with other observations regarding
Bence Jones amyloid-fibril structure and current models.

1. Introduction

In patients with multiple myeloma, a cancer of the bone
marrow, clonal proliferation of monoclonal plasma cells
results in the excessive production of immunoglobulin light
chains, which are termed Bence Jones (BJ) proteins (Clamp,
1967). The proteins are excreted in the patient’s urine and in
some cases can subsequently be deposited in various tissues
(Sanders, 1994). In the former case, they can be recovered and
purified in large amounts. BJ proteins are clinically taken to be
a first indication of the presence of a tumor and the amount of
BJ protein in the urine provides a quantitative measure of the
extent of the tumor and the type of proteinuria (Levinson &
Keren, 1994). BJ protein is therefore used by physicians not
only to diagnose but also to monitor the response of a patient
to treatment.

In those cases where the BJ protein is deposited, the protein
is frequently found to have suffered some degree of proteo-
Iytic degradation and as a consequence forms helical amyloid
fibrils (Glenner, 1980), the structures of which have not yet
been defined in detail. The formation of such fibrils, their
structural features and the way in which they condense to
create ordered arrays has assumed increasing importance
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because of the similar involvement of protein fibrils in
Alzheimer’s disease, Down’s syndrome, type II diabetes and
other diseases (Stone, 1990; Buxbaum, 1992). Owing to their
architectural properties, amyloid fibrils have also been used as
a model system in nanotechnology applications (Wetzel, 2002;
Stevens & Myatt, 1991), as well as a potential target for drug
design (Caputo & Salama, 1989).

Bence Jones polypeptides typically have molecular weights
of 22 000-24 000 Da and may be characterized as A or « chains
(Solomon, 1986). The individual immunoglobulin light chains
are composed of two domains, either three- or four-stranded
or four- or five-stranded B-sheet structures, one of which is
constant among different molecules and is called the constant
domain and the other of which is variable in amino-acid
composition and is referred to as the variable domain. Two
light chains associate to form homodimers that are coupled
primarily through noncovalent interactions, much as are the
light and heavy polypeptide chains comprising the Fab
domains of intact antibodies, to which they bear some
resemblance. The dimer is further maintained by a disulfide
bond between cysteines located in the C-terminal region. A
single BJ light-chain variable region displays three char-
acteristic complementarity-determining hypervariable loops
(termed CDRs) appropriate for binding a particular antigen,
which of course is generally not known. The remainder of the
protein exhibits the sequence characteristics of the framework
portion of the immunoglobulin light chain.

The two light chains composing a BJ protein dimer thus
exist as two constant domains arising from framework residues
and two variable domains composed of both framework and
CDR residues. The latter domains display two identical sets of
three hypervariable loops, which form a quasi antigen-binding
site very similar to that of a conventional Fab fragment.
Variation among BJ proteins arises not only from amino-acid
differences but also from differences between the relative
orientations of the pairs of constant and pairs of variable
domains and this is characterized by an elbow angle. This
angle may vary even among members of a single BJ popula-
tion. A number of BJ protein structures have been determined
using X-ray crystallography, each unique in sequence, antigen
specificity, domain dispositions and other detailed features
(Epp et al., 1975; Furey et al., 1983; Ely et al., 1989; Huang et al.,
1994; Huang, Ainsworth, Solomon et al., 1996; Huang, Ains-
worth, Stevens et al., 1996; Roussel et al., 1999; Terzyan et al.,
2003).

The BJ protein studied here was purified in gram quantities
from the urine of a multiple myeloma patient of initials KWR
in Melbourne, Australia in 1962 and stored as a lyophilized
powder at room temperature for 40 years before its crystal-
lization for X-ray diffraction analysis was attempted.
Biochemical analyses showed the protein not to be degraded
or significantly aggregated and to exhibit the normal proper-
ties and expected molecular weight of other BJ proteins. The
sequence, which is reported here along with its three-dimen-
sional structure, was determined by traditional protein-
sequencing methods and shown to be derived from an
immunoglobulin A light chain of subgroup II.

In a previous report (Makino et al., 2005), we described the
crystallization of BJ KWR in four different crystal forms and
our initial steps to determine the structure of the protein in
each. Here, we describe the results of the crystallographic
analyses and the refinement of the protein structure in each
crystal form. We find interesting certain features of the
structure, particularly the manner in which the protein mole-
cules are packed in different forms. In two closely related
trigonal crystal forms, the BJ molecules assume a helical
pseudo-hexagonal arrangement involving 12 protein dimers
about a threefold screw axis. One of these crystal forms is
composed of proteolytically degraded molecules and the
second was grown at low pH, both of which are circumstances
that promote amyloid-fibril formation. The helical arrange-
ment is rather similar to proposed structures for the helical
fibril present in BJ deposition diseases. Molecules in the other
two crystal forms pack in distinctly different arrangements. In
addition, in the trigonal crystals of the BJ protein an inter-
molecular hydrogen-bonding motif is formed between neigh-
boring dimers, which is consistent with what is known to be a
characteristic feature of amyloid-fibril structures (Glenner,
1980). This interaction is not present in the other crystal forms.

2. Experimental procedures

The amino-acid sequence of BJ protein KWR was determined
by now conventional protein-sequencing methods (Kintner &
Sherman, 2000) that have been described in detail previously
(Lounes et al., 2001). Cyanogen bromide fragments were
prepared and fractionated on a Sephadex G-50SF column in
0.2% trifluoroacetic acid and quantitative amino-terminal
amino-acid sequence analysis was performed with a Hewlett—
Packard G1005A protein sequencer (Krieglestein et al., 1990;
Lottspeich & Henschen, 1977). Pooled fractions of the frag-
ments were subjected to trypsin digestion for 20 h at room
temperature at an estimated 1:50(w:w) enzyme:substrate ratio.
The products were then subjected to mass-spectrometric
analysis in a Perceptive Voyager DE Pro matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) instru-
ment using an o-cyano-4-hydroxycinnamic acid matrix.

As described previously (Makino et al., 2005), four crystal
forms of B KWR were grown, three from ammonium sulfate,
initially at pH 7.0-8.5, and one from sodium/potassium phos-
phate at pH 3.8-4.2. The crystals were all grown at room
temperature by vapor diffusion in Cryschem plates (Hampton
Research, Laguna Niguel, CA, USA). The crystals belonged
to the tetragonal space group P452,2 (unit-cell parameters
a=>b =686, c= 1817 A), the orthorhombic space group
P222,(a=677,b=694,c=873 A) and the trigonal space
groups P3,21 (a=b=155.4,c=46.9 A) and P3,21 (a=b=153.5,
c=94.0 10\). The first three crystal forms listed contained one
BJ homodimer per asymmetric unit, while the final form listed
contained two. The P3,21 crystal was the only form obtained
at acidic pH. The ambiguity between space group P4,22 and
P43522 for the tetragonal crystal was, as reported elsewhere,
resolved through an atomic force microscopy investigation of
the crystals (Plomp et al., 2003). As described further in §3, an
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ambiguity arose in the analysis of the crystals of space group
P3,21, since we assumed that the space group was the same as
the first trigonal crystal, space group P3;21, which has the
same a- and b-axis length but twice the c-axis length. This
incorrect space-group assignment also led us to report the
likelihood of twinning for the trigonal crystal of shorter c-axis
length (Makino et al., 2005). This was incorrect, as the crystal is
completely ordered and there is no twinning.

The appearance of one of the crystal forms, that of space
group P3,21, was an irreproducible occurrence. Those crystals
were only discovered after more than eight months of standing
at room temperature under conditions that normally yielded
only the tetragonal and orthorhombic crystal forms. It was
immediately recognized therefore that the protein may have
been proteolytically degraded to some extent before incor-
poration into the crystals (McPherson, 1999; McPherson et al.,
2004). Unfortunately, there was insufficient crystalline mate-
rial present in the drop after use for data collection to assess
this assumption biochemically. Proteolysis, as described below,
was evident from the electron-density maps derived from
these crystals.

Data were collected from the tetragonal, orthorhombic and
P3,21 crystals on beamline 5.0.2 at the Advanced Light Source
using flash-frozen specimens. The data for the P3,21 crystals
were collected at beamline 7-1 at the Stanford Synchrotron
Radiation Laboratory. The data were processed using both
HKL-2000 (Otwinowski & Minor, 1997) and d*TREK (Pflu-
grath, 1999). The relevant statistics for the data sets can be
found in our preliminary report (Makino et al., 2005).

The structures of all the crystals were solved using mole-
cular replacement (Rossmann, 1990). A search of the BJ
protein entries in the RCSB database (Berman et al., 2000)
showed that the amyloidogenic BJ protein MCG, another A II
light-chain dimer formerly thought to be a lambda V (Ely et
al., 1989; Bourne et al., 2002), was 87 % identical in sequence to
BJ KWR. Sequence identity was determined using the
program MULTALIGN (Barton, 1990) and the Blosum62
comparison table (Henikoff & Henikoff, 1992). This was
therefore chosen as the initial search model. The significant
structural differences between MCG and KWR were likely to
be in the hypervariable loops and the elbow angles between
the constant and variable domains.

Incremental variation of the unknown

elbow angle on the search model was m OPASY
carried out using the program X-PLOR 250
(Briinger, 1992) and this was followed YEVTN RPSGV
by cross-rotation search and translation
functions in CNS v.1.1 (Briinger et al.,
1998), which allowed Patterson corre-
lation refinement of the variable and

Variable domain

IFGGG TRLTV

VAWKA DSSPV

SGSPG QSITI

SDRFS GSKSG NTASL TISGL QAEDE ADYYC
Constant domain

—
LGQPK _AAPSV TLFPP SSEEL__QANKA TLVCL

constant domains as independent R
THEGS TVEKT

KAGVE TTTPS KQSNN KYAAS SYLSL TPEQW

the tetragonal crystal form was in turn used to obtain
molecular-replacement solutions for the orthorhombic and
second trigonal form. For these latter searches, the program
Phaser (Read, 2001; Storoni et al, 2004) from the CCP4
program suite (Collaborative Computational Project, Number
4, 1994) was employed. For the P3;21 crystal form, self-
rotation functions and native Patterson maps were calculated
using CNS.

Rigid-body refinements of initial solutions, using the
constant and variable domains as independent rigid groups,
were carried out at different resolutions to ensure the accu-
racy of the elbow angles. Refinement by simulated annealing
and Powell minimization of all atoms with individual isotropic
B-factor refinement were carried out using a bulk-solvent
correction. Maximum-likelihood targets using structure
amplitudes were used in refinement procedures. Water mole-
cules and ions were only added at the end of refinement. The
models were built and adjusted using the program O v.8.0
(Jones et al., 1991). Elbow angles were obtained by calculating
the dot product of the pseudo-dyad axes of the variable and
the constant domains. Coordinates of all C* atoms were used
in this calculation, which was performed using CNS. Calcula-
tion of buried surface areas was performed in X-PLOR using a
1.6 A probe. They were determined by subtracting the
accessible surface areas of each domain taken as a single BJ
dimer and as a BJ dimer in the presence of crystallographic
neighbours. Torsion-angle analysis of the final models was
based on PROCHECK (Laskowski et al, 1993) from the
CCP4 program suite. Figures were generated using PyMOL
(DeLano, 2002).

3. Results

The amino-acid sequence of BJ KWR as determined by
conventional protein-sequencing methods is presented in
Fig. 1. The corresponding CDR loop regions are highlighted.
This protein belongs to the immunoglobulin X light chains of
subgroup II. Its amino-terminal residue is a pyroglutamic acid.
There is an interchain disulfide bridge between cysteines at
amino-acid position 216, which makes this protein a covalently
bound homodimer of 45 379 Da. Mass spectrometry showed

SCTGT SSDVG GYDLV SWYQH HPGCGA PKLII

SSYAS GSTPR

WV FEho ISDFY PGAVT

KSHRS YSCQV

VAPTE CS*

groups prior to the translation search.
The model derived from the first BJ
KWR crystal structure to be solved, that
from the P3;21 crystals, was then used
as the search model for the tetragonal
crystal form. The model obtained from

Figure 1

Disordered regions of molecules in the P3;21 crystal. Sequences underlined with full lines represent
regions of the BJ KWR model in which no density was found in 2F, — F, maps. The dashed lines
indicate weak density. Disordered regions in chains A, B, C and D are indicated in pink, light blue,
brown and dark blue, respectively. Residues in bold correspond to the CDRs.
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that the protein is not glycolsylated and the theoretical pI was
calculated to be 6.09 using ProtParam (Bjellqvist et al., 1994).

3.1. P3;21 crystal form

This was the first of four structures to be determined. In
almost every way it was the most difficult to solve, but in many
ways it was the most illuminating in terms of its biological
implications. The crystals were only observed once and then
only after more than eight months of standing at room
temperature. As noted previously, such a lag time is almost
invariably a consequence of proteolytic cleavage and degra-
dation arising from microbial contamination (McPherson et
al., 2004; McPherson, 1999). Because of insufficient remaining
material in the crystallization sample, however, this could not
be confirmed by gel electrophoresis or mass spectrometry.
Calculation of Vy (3.52 A® Da™') indicated the crystals to
have two entire BJ] KWR dimers as the asymmetric unit.
However, given the likelihood of proteolysis it could not be
assumed that the molecules were completely intact. Thus, the
precise nature of the asymmetric unit was ambiguous
throughout the structure determination.

When a search was conducted with BJ MCG (from PDB
entry 1dcl; Ely et al, 1989) using variable elbow angles, a
convincing solution was found with elbow angles of 123-143°
and 223-238°, which are in fact equivalent. The rotation
solutions for both molecules in the asymmetric unit had the
same orientation and they were related by a translation of
almost exactly one half along the ¢ axis. Examination of a
native Patterson map showed the presence of a very strong
non-Harker peak at (0, 0, 1/2) having a height of 49.7% of the
origin peak, consistent with the molecular-replacement solu-
tion. Rigid-body refinement of the two dimers comprising the
model and further adjustment of the elbow angles produced a
conventional R factor of 42.8% at 15-2.8 A with a 4.00 cutoff
on the data.

Varlap]e
domains
Constant
; —
domains
P3,21
molecule 1
Figure 2

The two BJ KWR molecules in the asymmetric unit of the P3,21 crystal. Regions where B-factor

values exceed 95.0 A2 are shown in red.

A significant improvement in the refinement statistics was
only achieved when isotropic B values of individual atoms
were refined. Certain regions of the model, which were
apparently subject to disorder, converged to values well in
excess of 100 A2. These regions were almost exclusively in
corresponding sections of the constant domains of the two
dimers comprising the asymmetric unit. Calculation and
examination of 2F, — F, and F, — F_ difference Fourier maps
showed the regions indicated by high B factors to be occupied
by very weak density, which in some cases was wholly absent.
This suggested that these regions were likely to be disordered
owing to proteolysis and were possibly entirely absent from
the constant domains. The variable domains of both dimers
within the asymmetric unit, on the other hand, were well
resolved. It was evident at this point, particularly given the
history of the crystals, that proteolytic cleavage of the BJ
KWR had indeed occurred and that the P3,21 crystals were in
fact composed of degraded protein molecules. Residues for
these regions were nonetheless built using low contour levels
in the electron-density maps and they were included in
subsequent rounds of refinement with high B values. Ulti-
mately, the refinement converged to an R value of 23.5% and
an Ry, of 28.4%, using all data within 40-2.9 A resolution.
Additional statistics are presented in Table 2.

Fig. 2 shows both molecules in the P3,21 asymmetric unit;
residues having B factors higher than 95.0 A? are indicated in
red. The individual polypeptide chains of molecule 1 are
designated chains A and B and those of molecule 2 chains C
and D. The disordered and possibly missing segments of these
chains are almost entirely in the constant domains, principally
the B and D chains.

The BJ KWR sequence shown in Fig. 1 indicates those
segments in which either no density or spurious electron
density was observed. As seen in Figs. 1 and 2, the severity of
disorder is greater for molecule 2. The elbow angle is also
greater for molecule 2 than for molecule 1 by 2.8°. These two
factors, which are possibly correlated, are responsible for the
presence of two molecules rather than
one molecule in the asymmetric unit
and for the doubling of the unit-cell
volume. The organization of the Bence
Jones dimers in these crystals is note-
worthy. It has been observed by others
that in amyloidogenic BJ proteins the
constant domain is more susceptible to
degradation than the variable domain
(Solomon &  McLaughlin, 1969).
Furthermore, the packing arrangement
of the variable and constant domains in
an amyloid fibril most commonly
exposes constant domains, thereby
making them more susceptible to
proteolysis than the less accessible
variable domains (Solomon et al., 1998).
We noted in passing that the central
solvent channel about the unique axis of
the P3,21 crystals is sufficiently large in

P3,21
molecule 2
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Table 1
Molecular-replacement solutions obtained using Phaser for the ortho-
rhombic data and CNS for all other data sets.

Rotation (Euler) (°) Translation (orthogonal) (A)

Crystal form 6, 6, 05 X y z

P4;2,2 64.5 67.1 339 14.7 24.8 —94.9
P2.2,2, 184.1  164.1 94.3 55.7 60.8 —14.6
P3,21 922 747 3538 —36.3 65.2 —-37.6
P3,21, molecule 1 89.9 748 3538 115.2 63.8 —57.7
P3,21, molecule 2 89.5 735 354.6 114.3 65.8 —10.7

diameter that smaller proteases such as trypsin could pass
along the channel and come into contact with the constant
domains of the BJ KWR protein. Thus, it is possible that some
proteolysis could have occurred after the crystals had grown.
Such a process was also suggested after an in vivo analysis of
the AL amyloid fibrils by Harris et al. (2000). It is unlikely in
our experiment, however, that such proteolysis was exclusively
the case.

3.2. P4;2,2 crystal form

Diffraction data were collected from a single tetragonal
crystal of B KWR. An initial molecular-replacement probe
was derived from the model of the P3;21 crystals. The
molecular-replacement solution for the tetragonal crystal is
presented in Table 1. The tetragonal crystals of BJ] KWR
provided the highest resolution model, at 2.2 A. The final
conventional R factor is 22.6%, with an Rj.. of 28.3%.

Statistics regarding this model, along with others, are shown in
Table 2. The model contains all 217 amino-acid residues and
3192 atoms, with average B factors of 58.3 A2 Ttis noteworthy
that the B-factor distribution was rather uniform and, other
than the last five residues in the C-terminal region, no strik-
ingly high values were observed. SDS-PAGE of the tetragonal
crystals confirmed that they were indeed composed of intact
BJ dimers.

In addition to the protein and solvent atoms, the model also
included three ions, presumably sulfate given the crystal-
lization conditions. In addition, we found a tightly bound
molecule, the origin of which is at best obscure, but that was
present in all crystal forms (see below) and was modeled as a
phenol group. Analysis of a Ramachandran plot showed
98.6% of the amino-acid torsion angles to be in the most
favored regions and 1.1% to be in disallowed regions. Among
the latter were amino-acid residues A28 (Asp), A53 (Val), BS3
(Val), A156 (Asp) and B214 (Thr). The first two residues
belong to CDR loops 1 and 2 and were also found to be in
disallowed regions in the other crystal forms, as well as in
other A-type light-chain dimers (Furey et al., 1983; Ely et al.,
1989; Huang, Ainsworth, Stevens et al., 1996; Terzyan et al.,
2003). Torsional strain is possibly the cause of these frequent
outliers, since they are involved in tight B-type (CDR-1) and
y-type (CDR-2) turns. The elbow angle relating the constant
and variable domains was 125.8°, which differs from the
starting model BJ MCG by 13.5°. The tetragonal crystals had a
relatively low solvent content of 45.8%, which was reflected in
a tight packing of molecules in the lattice as illustrated in Fig. 3.

P3,.21

P3,21

P4.2,2

Figure 3

P2,2,2,

Stereo diagrams of the packing of BJ KWR protein in all four space groups. The variable and constant domains are indicated in orange and yellow,

respectively.
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3.3. P2,2,2, crystal form

Orthorhombic crystals were frequently seen to nucleate and
grow from the surfaces of tetragonal crystals in the mother
liquor and occasionally the two crystal forms interpenetrated
as orthorhombic blades grew ‘through’ the tetragonal blocks
(Makino et al., 2005). A close examination of crystal packing
shows that the arrangement of molecules in the ab planes of
the orthorhombic and tetragonal crystals are almost identical
to one another, but the absence of diagonal twofold-symmetry
axes in the orthorhombic crystals results in different packing
of molecules along the c¢ direction. The process of ortho-
rhombic crystals growing from the (110) planes of tetragonal
crystals represents another interesting case of epitaxic
nucleation of one crystal form upon another (McPherson &
Shlichta, 1988), rather than the perversion of one crystal
lattice to create a second.

Many of the orthorhombic crystals we examined showed
signs of disorder, twinning or failure to diffract to high reso-
lution or were afflicted with other problems. Because the
structure of BJ KWR had been established in the P4;2,2 and
P3,21 crystal forms, detailed refinement of this crystal was not
pursued. The orientation and position of the molecules were
determined by molecular replacement using the model from
the tetragonal crystals and are presented in Table 1. Rigid-
body refinement followed by cycles of Powell minimization,
simulated annealing and B-factor refinement, but with no
model adjustment otherwise or inclusion of any nonprotein
atoms, yielded a conventional R factor of 26.2% and Ry, of
353% at 3 A.

3.4. P3,21 crystal form

The refined model from the tetragonal crystal was used as
probe in a molecular-replacement search of the P3,21 crystals,
which were grown at pH 4.0 from sodium/potassium phos-

P3,
>
? (x,yztce)

(»x—y,z+1/3+c2)

(—x+y,—x,z+ 2¢/3) g
(x, ¥, z+cf2

(mx-y,z+cl3) t
o

o/ o/

phate. The rotation and translation parameters relating the
orientation and position of the molecules in the two crystal
forms are shown in Table 1. It is noteworthy that identical
rotation solutions are observed in both trigonal crystal forms
and that the difference in the z coordinates of molecules 1 and
2 of P3,21 crystal equals the c axis length of the P3,21 cell. The
model of the protein in the P3,21 crystal was refined as for the
tetragonal form but to 2.6 A resolution. The conventional R
factor was 21.5%, with an Ry.. of 25.4%. Other relevant
statistics are provided in Table 2. In these crystals, 66 ordered
water molecules were included, although the overall solvent
content (64.6%) is considerably greater than for the tetragonal
form. Six ions were observed, presumably phosphates from
the mother liquor. Again, a phenol molecule was used to
model the unexplained ligand (see below).

In both trigonal crystals, the molecules are arranged in a
helical fashion about a large solvent channel of about 84 Ain
diameter coincident with the threefold screw axis, as illu-
strated in Fig. 3. Although the hands of the two trigonal space
groups are opposite, as further described in Fig. 4, the packing
of molecules about the central channel along the unique
direction is virtually identical. The hand of the helices of
protein molecules is a right-handed double helix with 12 BJ
KWR per turn in both cases. The B values for the residues in
the constant domains of the B KWR in the P3,21 crystals are
again quite high, which in turn affects the quality of the
electron density. However, unlike these residues in the P3,21
trigonal form, in which large regions of backbone were
completely absent, in the P3,21 crystal this is not so: virtually
all residues are present and are represented as a contiguous
chain in electron-density maps. Indeed, SDS-PAGE shows
that the P3,21 crystals, which grow at low pH and in only a few
days, are composed of completely intact molecules. Thus, it
appears that when the constant domains are not constrained
by significant lattice interactions, as they are in the tetragonal

—3

P3,

0

? (x,p,z+¢)
J —c2=¢ =2+ 2013) L

(—x+y,—x,z+c'3+¢") % &

4

(—x+y,-x,z+2/3+¢/2
? (x,».2) ? ? (x.»z
Figure 4

Diagram illustrating the transformation in space-group handedness when two unique molecules in the asymmetric unit separated by c¢/2 become
identical. Molecule 1 is represented in red and located at general position (x, y, z) in the P3; cell of axis length ¢, shown on the left. Molecule 2, which is
almost identical in conformation and orientation to molecule 1, is at general position (x, y, z + ¢/2) and indicated in yellow. Equivalent molecules about
the axis are generated by applying 3; symmetry. When molecule 2 is equivalent to molecule 1, we obtain the center diagram in which all molecules are
red. The repeat unit along the ¢ axis is now ¢’ = ¢/2 and the space group has changed to P3, with a left-handed screw axis, as shown on the right. However,
the packing of the two space groups are exactly the same. Thus, in each space group the molecules form a right-handed double helix with a repeat length
of c. In space group P3,21, the molecules along the helix alternate between molecule 1 and molecule 2, which have quasi-twofold relationships that
reduce to exact twofold relationships in space group P3,21.
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Table 2

Refinement statistics.

Values in parentheses are for the highest resolution shell.

Space group P3,21 P3,21 P4;2,2
Unit-cell parameters (A) a=>b=1535, a=>b=1554, a=b=0686,

. c=94.0 ¢ =469 c=181.7
Resolution (A) 40-2.9 (3.0-2.9) 40-2.6 (2.69-2.60) 45-2.2 (2.28-2.20)
o-Cutoff 0.0 0.0 0.0

No. of reflections in working set 24350 (2136) 17786 (1606) 17773 (946)

No. of reflections in test set 1820 (167) 1943 (183) 1929 (109)
Riree (%) 28.4 (37.6) 25.4 (35.7) 28.3 (39.3)
Ryork (%) 23.5 (34.5) 21.5 (32.0) 22.6 (40.3)
Protein
Residues 434 217 217
Atoms 6384 3192 3192
Nonprotein atoms
Water 16 66 98
Ton 45 30 15
Phenol group 14 7 7
R.m.s. deviations
Bond length (A) 0.0078 0.0064 0.0068
Bond angles (°) 1.45 1.31 1.44
Average B factor (AZ)
Protein 68.2 66.1 583
Phenol molecule 51.3 422 57.9
Solvent 80.1 60.2 56.3
Chain A, variable 44.7 48.4 54.1
Chain A, constant 60.4 68.9 64.0
Chain B, variable 52.0 4.5 46.9
Chain B, constant 102.2 105.5 68.5
Chain C, variable 40.9 — —
Chain C, constant 84.6 — —
Chain D, variable 45.0 — —
Chain D, constant 112.8 — —
Ramachandran plot
Residues in the most favored regions (%)  97.2 98.8 98.6
Residues in generously allowed region (%) 2.1 0.6 0.3
Residues in disallowed region (%) 0.7 0.6 1.1
Table 3

Buried surface area of the variable and constant domains of each crystal form calculated using
X-PLOR with a 1.6 A probe.

Buried surface area (Az)

Chain A B C D
P3,21 Variable domain 1455 742 1617 762
Constant domain 986 566 789 344
P3,21 Variable domain 1360 724 — —
Constant domain 978 284 — —
P4;2,2 Variable domain 836 1364 — —
Constant domain 1196 1101 — —

Z 7M1 N -

Figure 5

F, — F. OMIT map calculated after simulated annealing of the P3,21 crystal at 2.6 A and contoured
at a level of 3.00. The electron density of the unknown ligand, here represented as a phenol
molecule, was found in the ‘deep pocket’ of B KWR.

and orthorhombic crystals, the poly-
peptide chains comprising the domains
and perhaps even the entire domains
themselves exhibit an appreciable
degree of mobility. Proteolysis appar-
ently enhances the dynamic character of
the constant domains even further by
introducing additional opportunities for
structural flexibility.

In the trigonal crystals, the arrange-
ment of the molecules about the three-
fold screw axes possesses pseudo-sixfold
symmetry and this was especially
evident in self-rotation function maps.
12 molecules occupy one turn of a helix
and this may have implications for fibril
formation, as discussed below. Fig. 3
illustrates the molecular packing of each
crystal form, with the variable domains
indicated in orange and the constant
domains in yellow. The helical structure
with a central channel is not present in
the tetragonal and orthorhombic crys-
tals and in the trigonal forms the
variable domains form most of the
framework of this structure. Indeed, as
shown in Table 3, a solvent-accessibility
calculation using the P3;21 model as
well as the P3,21 and P452,2 models
indicates that the variable domains have
significantly greater buried surface area
than the constant domains. This feature
is exclusive to the trigonal forms, as
evidenced by the comparatively large
buried surface area of the constant
domains of the tetragonal form.

3.5. The unknown ligand

A two-compartment ‘antigen’-
binding system was first described by
Edmundson, Ely et al. (1989) for BJ
MCG and was further considered as a
model for a primitive antibody. This
system is comprised of a main cavity,
which is formed by the CDR loops in
the conventional way, and a deep
pocket found beneath the main cavity
floor. It was shown that these compart-
ments can be occupied by various
ligands (Edmundson, Herron et al.,
1989). Such an interior cavity was
observed in the same location in BJ
KWR. A molecule of unknown origin
was unambiguously identified in the
deep pocket in all the refined BJ KWR
structures. This is illustrated in Fig. 5. A
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review of the components of all of the mother liquors used to
grow the crystals offered no suggestion as to its nature and we
have concluded that it is something from the original
preparation of over 40 years ago and may in fact have
accompanied the protein from the patient himself. In any case,
unable to identify it definitively, we used a molecule of phenol,
which seemed to best conform to the density, to model it.

3.6. Bound ions

In all four crystal forms of BJ] KWR, ions were observed
bound to the protein in the main cavity of the conventional
antigen-binding site of a Fab. They are presumably sulfate ions
in the P4;2,2 and P3,21 unit cells and phosphate ions in the
second trigonal crystal form. The ions are shown in Fig. 6. The
sulfate ions interact most closely with the amino-acid side
chains of Tyr38 and Argl00. In the P3,21 crystal the sulfate
site is occupied by a phosphate group, while a second phos-
phate is observed within the same region and interacts with
residues Tyr38 and Ser36 of another BJ monomer. The second
phosphate ion in the P3,21 crystal also interacts indirectly with
symmetry-related residues Thr206 and Gly204. The two
phosphates are disposed in the cavity in such a way that an
extensive network of hydrogen bonds involving the ions, water
and the protein is created.

In addition to ions bound to the surface of B KWR and in
the main cavity, additional density, modeled as phosphate, was

P3,21, molecule |

P3,21, molecule 2
Figure 6

found near the elbow of the refined model in the P3,21 crystal.
This ion interacts with ArgB107 and the backbone amide of
GlyA43 and through a water molecule with AspA87 and
TyrAS89.

3.7. Comparison of models

A comparison was made of the models for the tetragonal,
orthorhombic and two trigonal crystals. The elbow angles
relating the domains were 125.8° in the tetragonal crystals,
128.9° in the orthorhombic crystals and 132.7° in the P3,21
crystal form. The elbow angles for the two molecules in the
P3,21 crystals were 132.3° and 135.2°. Thus, the KWR
homodimer was clearly flexible in this regard over a range of
about 10°. We presume that the assumption of these different
angles must be a function of the intermolecular interactions
within the various crystals or variations arising from differ-
ences in the crystallization conditions. Superposition of the
variable and constant domains separately, detailed in Table 4,
shows that the overall rm.. deviation for the constant
domains is higher on average than for the variable domains.
The last two or three residues at the C-termini were fitted into
difference and OMIT map densities contoured at a level of
0.50 and refined to B-factor values of about 130 A2, Weak

densities for these residues were observed in all crystal forms.
No persuasive electron density was found for the interchain
disulfide bond located at position 216.

A43

B107

P3,21, elbow region

Sulfate-ion and phosphate-ion interactions in the main cavity of what would be the antigen-binding site of a Fab. The elbow region of the P3,21 crystal
shows the location of the phenol molecule and a phosphate also observed in that region. A symmetry-related molecule is indicated in gray.
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Table 4

R.m.s. deviation between variable domains (residues 1-112) and constant domains (residues 113-217) of models from each BJ KWR crystal form.

Main-chain r.m.s.d. values are shown in the upper diagonal. Side-chain r.m.s.d. values are in bold and are shown in the lower diagonal.

Variable domain

Constant domain

P3,21, P3,21, P3,21, P3,21,
Space group P432,2 P3,21 molecule 1 molecule 2 P432,2 P3,21 molecule 1 molecule 2
P432,2 — 0.815 0.851 0.841 — 1.109 1.639 1.860
P3,21 1.247 — 0.476 0.442 2.066 — 1.413 1.561
P3,21, molecule 1 1.186 0.931 — 0.473 2.490 2.063 — 1.929
P3,21, molecule 2 1.286 1.009 0.935 2.799 2.333 2.596 —

(a)

Figure 7

(a) Backbone superposition of variable-domain models for the P3,21, P3,21 and P4;2,2 crystal
forms. The CDR-1 loop is highlighted in red, the CDR-2 loop in orange and the CDR-3 loop in
brown. R.m.s.d. values between variable domains for main-chain atoms only range between 0.50 and
0.88 A. (b) Full-length light-chain dimer superposition showing the CDR region and the blunt

topography of the BJ KWR antigen-combining site.

The CDR loops are well ordered in all models and there was
no ambiguity in identifying the backbone and side-chain
atoms in the electron density. Superposition of the variable
domains of all refined models indicates that the CDR
conformations within the trigonal models are the same within
experimental error, with r.m.s.d. values that range between
0.50 and 0.88 A. The tetragonal model has its CDR loops
slightly displaced with respect to the trigonal models, as might
be expected from the different crystal-packing arrangements.
Fig. 7(a) shows the backbone superposition of the variable
domains and the CDR loops of the tetragonal and the two
trigonal models.

We analyzed the CDR-loop conformations in the models
refined at higher resolution, i.e. from the P452,2 and P3,21
crystals. The loops were compared with canonical three-
dimensional structures of A-type light-chain CDRs (Al-
Lazikani et al., 1997). In both models, CDR-1 shows the three
characteristic hydrogen-bond interactions found in the AL1
canonical class 2, as described in Al-Lazikani et al. (1997). In
BJ KWR, these are between the carbonyl O atom of Thr25
and the amino N atoms of Asp28 and Gly30 and between the
carbonyl O atom of Asp28 and the amino N atom of Gly31.
An additional hydrogen bond was found between the carbonyl
O atom of Asp28 and the amino N atom of Tyr32. The CDR-2

of BJ KWR also conforms to the cano-
nical hairpin loop, which adopts a classic
y-turn with average dihedral angles for
the residue at the turn, Val53, of
@ =69.4° and ¢ = —49.8° for the P452,2
model and ¢ = 62.6° and v = —56.2° for
the P3,21 model. The third CDR loop of
BJ KWR does not seem to adopt a
canonical disposition. The presence of
Pro99 at the beginning of the turn may
preclude any of the hydrogen-bond
patterns found in canonical AL3 loops.

Fig. 7(b) is a view of BJ KWR in
5 which the planar topography of the
(b) CDRs can be readily observed. There is
no knowledge of the particular antigen
that this light chain binds when asso-
ciated with its corresponding heavy
chain. However, a complete analysis of
Fab topographies (MacCallum et al.,
1996) indicates that a combining site
lacking strong topographical features is most characteristic of
antibodies which bind protein antigens.

4. Discussion

Different theories exist concerning the fibrilogenesis of BJ
proteins. One theory, for example, is that specific subclasses of
immunoglobulin light chains (Stone, 1990) exhibiting parti-
cular amino-acid mutations or insertions (Alim et al., 1999;
Glenner, Terry et al., 1971) would be more amyloidogenic than
others. What does appear to be certain, however, is that AL-
type amyloid fibrils are generally derived from fragments of
monoclonal light chains and rarely from complete chains
(Glenner, 1980). While the mechanism of AL-type amyloid
formation has not been established, considerable evidence
suggests that proteolysis of full-length light chains is a prin-
cipal mechanism for the formation of amyloid fibrils (Linke,
Zucker-Franklin et al., 1973). It has been shown, for example,
that soluble BJ proteins form amyloid fibrils in vitro as a result
of proteolysis (Glenner, Ein et al., 1971; Linke, Tischendorf et
al., 1973; Wall et al., 1999). Several proteases produce this
effect, including trypsin, pepsin and kidney lysosomal enzymes
(Epstein et al., 1974).
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There are several lines of evidence suggesting that the
helical arrangement of BJ KWR observed in the trigonal
crystals analyzed here may reflect the structure assumed by BJ
proteins when they form fibrils characteristic of deposition
diseases. First of all, it is known that fibril formation frequently
involves proteolytically modified or degraded fragments of BJ
proteins. The degradation is normally confined to the constant
domains of the proteins and fibril formation is then mediated
through intermolecular interactions involving mainly or only
the variable domains. In three different crystal forms of BJ
KWR the protein was intact. However, the molecules in the
P3,21 crystals were degraded exclusively in the constant
domains, formed hollow double-helical structures based on
pseudo-sixfold screw symmetry and exhibited a counter-
clockwise handedness. As described below, these features are
consistent with the amyloidogenic BJ BRE fibril model, which
is composed solely of variable domains (Schormann et al.,
1995; Steinrauf et al., 1999).

The P3,21 crystals also form the helical arrangement seen in
the P3,21 crystals, but are composed of intact BJ proteins. The
former, however, were grown at very low pH and, significantly,
this is the second mechanism suggested to promote amyloid-
fibril formation. Experiments by Khurana et al (2001)
demonstrated that AL amyloid fibrils or amorphous aggre-
gates appear from intermediate protein-folding states induced
by acidic pH. Thus, the two crystals of the four studied here
whose packing arrangements were based on large open
channels with pseudo-sixfold symmetry both involved one of
the two factors known to induce amyloid-fibril formation.

Secondly, there is the appearance of the unknown ligand,
which we have modeled as a phenol molecule, in the so-called
‘deep pocket’ below the antigen-binding site. Studies have
been carried out on the binding of various small-molecule
non-antigen ligands to BJ proteins by other investigators

Chain B

Chain D |

(@)
Figure 8

(Edmundson, Herron et al., 1989). In a study of BJ MCG
(Edmundson, Ely et al, 1989), the BJ protein of highest
homology to BJ] KWR and that which served as the initial
probe for our molecular-replacement solution, it was shown
that bis(dinitrophenyl)lysine was tightly bound to BJ MCG in
the same deep pocket in which we identified a bound ligand in
BJ KWR. This is significant because another report states that
the binding of the e-(dinitrophenyl)lysine group only occurred
for the BJ proteins of patients whose multiple myeloma was
accompanied by amyloidosis (Bertram et al., 1980).

Thirdly, the variable domains responsible for the formation
of the helical arrangement in the trigonal crystals use a pattern
of intermolecular interactions which is not seen in the other
crystal forms of BJ] KWR or in crystals of most other BJ
proteins. An extended p-pleated antiparallel sheet has
frequently been proposed to be a distinctive bonding motif in
amyloid fibrils (Glenner, 1980). As shown in Fig. 8(a), a lateral
interaction is formed involving a network of four hydrogen
bonds between the outside strands of antiparallel B-sheets on
neighboring molecules. This lateral interaction has pseudo-
twofold symmetry similar to that observed in other types of
amyloid-fibril models (Serag et al, 2002; Elam et al., 2003).
Residues 11-13 in both molecules contribute to this
interaction. An extended antiparallel B-sheet joining two
molecules is thereby created. A similar hydrogen-bonding
network is also found in the amyloidogenic BJ] BRE model
(Schormann et al., 1995; Steinrauf et al., 1999). In the B BRE
network, three hydrogen bonds form an extended B-sheet
involving a sequence corresponding to that in BJ KWR. The
opposite side of the variable domains of BJ KWR, seen in
Fig. 8(b), interacts through a single hydrogen bond between
an unstructured extended loop and a p-strand from a
symmetry-related variable domain. The residues involved in
this hydrogen bond are SerA9 and AspC5S5. The percentage of

Chain A

(b)

Detail of the lateral interactions between neighboring variable domains in the P3,21 crystal. () Interaction between adjacent S-strands from two
variable domains of chains B and D forms an extended S-sheet; (b) lateral interactions between neighboring variable domains of chains A and C.
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the surface participating in this type of interaction was variable-domain surface participates in interactions between
calculated using X-PLOR. This was obtained by dividing the variable domains of chains B and D as seen in Fig. 8(a) and
solvent buried area by the total solvent-accessible surface area 7.7% contributes to the interaction of variable domains of
of independent variable domains. On average, 6.7% of the chains A and symmetry-related chains C as seen in Fig. 8(b).

93.95 A 822

(c)

Figure 9

Comparison between the helical structure of B KWR, as found in the crystal, and an AL-type amyloid-fibril model of BJ BRE. (a) The BJ KWR double
helix found in the trigonal crystal is highlighted in yellow and orange and the constant domains are shown in gray. A single helix was extracted from (a)
and is shown in (b) without the constant domains. This constitutes a right-handed helix of 93.95 A height and with an average radius of 66.4 A. B BRE
also forms a right-handed helix and is illustrated in (c). The calculated height of BJ BRE is 82.2 A, with an average radius of 44 A.

(h)

Figure 10

Three crystallographically adjacent BJ proteins in the crystals of BJ KWR (a) and BJ BRE (b) are shown in schematic representation with the variable
domains highlighted in orange. The packing corresponds to that in the P3;21 crystals for B KWR and the P2, unit cell for BJ BRE. Numbers indicate
individual dimers.
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Finally, examination of the pseudo-sixfold helical arrange-
ment of BJ] KWR in the trigonal crystals shows it to be
compatible with current proposals for the structure of amyloid
fibrils. An amyloid-fibril model based on the crystallographic
packing of the amyloidogenic BJ] BRE has been proposed
which was formulated based only on the variable domains of a
k I light-chain dimer (Schormann et al., 1995; Steinrauf et al.,
1999). The crystals in this case were monoclinic, but the BJ
BRE variable domains arranged themselves in the form of a
pseudo-sixfold helix to form a hollow cylinder of 115 A
diameter, as described in Schormann et al (1995) and in
Steinrauf et al. (1999).

Fig. 9(a) shows surface representations of the BJ] KWR
helical duplex observed in the trigonal crystals in two different
orientations, shown at the top and bottom of the figure. One
single helical fibril is presented in Fig. 9(b) without the
constant domains. The proposed fibril structure of B] BRE
derived from a monoclinic crystal is presented in Fig. 9(c).
Both have the same hand, but differ significantly in pitch and
diameter. The pitch of the BJ KWR helix is 94 A, while that
for BJ BRE is about 78 A. The average diameter of the BJ
KWR fibril is 133 A and that of its solvent channel is 84 A,
both of which are about 40 A greater than those in the BJ
BRE model. The differences in pitch and more importantly
diameter are undoubtedly explained by the components of the
two helices. The BJ BRE fibril model is composed exclusively
of the variable domains of the BJ dimers, while the fibrils of BJ
KWR are composed of molecules possessing intact, dis-
ordered or partially degraded constant domains. In both the
BJ KWR and BJ BRE fibrils, the helix is propagated in a
similar manner through hydrogen-bonding interactions
involving the variable domains. In the BJ KWR helices,
however, the pitch and diameter of the helices are necessarily
greater to accommodate interactions between constant
domains, which protrude into the central channel.

Fig. 10 provides a view in schematic representation of the
crystallographic interactions between three consecutive BJ
KWR molecules in the pseudo-sixfold helix along c¢. In
Fig. 10(a), the variable domains of molecules 1 and 2 interact
in a manner very similar to that of BJ BRE molecules 1 and 2,
shown in Fig. 10(b), by a pseudo-twofold axis. The CDR loops
are directed away from the center of the fibril. Because of the
presence of the constant domain, albeit in a diminished form,
molecule 3 in BJ KWR cannot adopt the same conformation
as molecule 3 in the crystals of B BRE. Therefore, molecule 3
in B KWR has its orientation inverted, so that the CDR loops
now point towards the center, thus precluding steric hindrance
with adjacent constant domains. The lateral interaction
between the variable domains follows the threefold screw axis.
In general, the helical structure seen here for BJ KWR is also
in reasonable agreement with other observations and data
regarding amyloid fibrils formed by degraded immunoglobulin
light chains. Thus, we would suggest that the helical structure
of BJ KWR seen here in the trigonal crystal forms may indeed
be relevant to the formation of amyloid fibrils in general.

We also noted that the CDR loops in BJ] KWR were
uniformly the same in all copies of the protein in all crystal

forms; thus, the quasi antigen-binding region appeared to be
rigid and well ordered. The finding of two phosphate or sulfate
ions in this site suggests that electrostatic interactions would
probably be important in binding the intended antigen. The
site overall is rather blunt, without either a deep invagination
or a deep channel, suggesting that the natural antigen is
probably a protein or polypeptide (MacCallum et al., 1996).
The presence of the unknown ligand in the ‘deep pocket’ is
intriguing, but remains a 40-year mystery.

DLM was supported by the Conselho Nacional de Desen-
volvimento Cientifico e Tecnoldgico (CNPq, Brazil).
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