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Abstract
A synthetic phage-displayed antibody repertoire was constructed with equivalent chemical
diversity in the third complementarity-determining regions of the heavy (CDR-H3) and light
chains (CDR-L3), which contrasts with natural antibodies in which CDR-H3 is much more diverse
than CDR-L3 due to the genetic mechanisms that generate antibody encoding genes. Surprisingly,
the synthetic repertoire yielded numerous functional antibodies that contained mutated CDR-L3
sequences but a fixed CDR-H3 sequence. Alanine-scanning analysis of antibodies that recognized
ten different antigens but contained a common CDR-H3 loop showed that, in most cases, the fixed
CDR-H3 sequence was able to contribute favorably to antigen recognition, but in some cases, the
loop was functionally inert. Structural analysis of one such antibody in complex with antigen
showed that the inert CDR-H3 loop was nonetheless highly buried at the antibody-antigen
interface. Taken together, these results show that CDR-H3 diversity is not necessarily required for
the generation of antibodies that recognize diverse protein antigens with high affinity and
specificity, and if given the chance, CDR-L3 readily assumes the dominant role for antigen
recognition. These results contrast with the commonly accepted view of antigen recognition
derived from the analysis of natural antibodies, in which CDR-H3 is presumed to be dominant and
CDR-L3 is presumed to play an auxiliary role. Furthermore, the results show that natural antibody
function is genetically constrained, and it should be possible to develop more functional synthetic
antibody libraries by expanding the diversity of CDR-L3 beyond what is observed in nature.
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Introduction
In recent years, phage-displayed synthetic antibody libraries have proven to be a powerful
alternative to natural antibodies for generating research affinity reagents1 and potential
therapeutics.2 Synthetic libraries are constructed from scratch, thus enabling the
incorporation of desirable design features such as stable, human frameworks that enhance
antibody performance and lower the risk of immunogenicity for therapeutic applications.
Moreover, diversity can be concentrated at positions most likely to enhance function without
compromising structure, and facile methods can be employed for the optimization of
affinity, specificity and stability.

In addition to these considerable practical advantages, synthetic antibodies offer an
unprecedented opportunity to explore the principles underlying molecular recognition
through direct experimentation rather than indirect analysis of natural antibodies. For
example, we have used the synthetic approach to show that repertoires built on a single
framework with diversity restricted to only four of the six complementarity-determining
regions (CDRs) are sufficient for generating antibodies comparable to the best natural
antibodies in terms of affinity and specificity.3 We have also shown that repertoires
restricted to binary chemical diversity (Tyr and Ser) can generate highly functional
antibodies4 and the abundance of Tyr residues is positively correlated with specificity.5,6

These findings run counter to commonly held beliefs inferred from the analysis of natural
antibodies, which suggest that diverse frameworks and complex chemical diversity spread
across the entire antigen-binding site are required for effective antigen recognition.7-11

Moreover, these counterintuitive results show that further empirical experiments are needed
to assess the validity of theories inferred from natural antibodies.

Here, we address another fundamental principle of antibody function: the dominant role of
the third heavy chain CDR (CDR-H3) in antigen recognition. Natural antibodies provide
abundant support for the notion that CDR-H3 is naturally predisposed to play the dominant
role amongst the six CDRs.7,8,12-14 However, the question remains whether this dominance
is a consequence of the genetics of the immune system which endow CDR-H3 with greater
diversity than the other CDRs,15,16, or whether it arises from the central position of CDR-H3
within the antigen-binding site. In particular, CDR-H3 and the third CDR of the light chain
(CDR-L3) occupy similar positions within the center of the paratope,10,17 and we
constructed a synthetic library designed to ascertain whether CDR-H3 or -L3 is best suited
as the dominant CDR in a repertoire free from the genetic biases that concentrate diversity in
natural CDR-H3s. Surprisingly, our results suggest that CDR-L3 is more important than
CDR-H3 for antigen recognition by this unbiased synthetic antibody repertoire.

Results
Library design and construction

We constructed a synthetic antigen-binding fragment (Fab) library (library F) designed to
directly compare the contributions that CDR-H3 and -L3 make to antigen recognition. We
used a single optimized human framework and diversified the three heavy-chain CDRs and
CDR-L3 (Fig. 1a). Solvent accessible positions within CDR-H1 and -H2 were restricted to a
binary diversity consisting of Tyr and Ser. Within CDR-H3 and -L3, we allowed more
complex diversity, which was biased in favor of Tyr (25%), Ser (20%) and Gly (20%) but
also included Ala (10%) and lesser quantities of five other amino acids (5% each of Phe,
Trp, His, Val and Pro). We also introduced length diversity into CDR-H3 and -L3 by
allowing loop lengths that are found within these regions of natural antibodies (Fig. 1b). The
library was constructed using an anti-maltose binding protein Fab as the template. Library F
contained 3 × 1010 unique clones and sequencing of the naïve library revealed the
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incorporation of diversity in approximately 80% of the population within each CDR and the
retention of template sequence in the remainder. Overall, 13%, 1%, 17% and 68% of the
library members contained diversity in one, two, three or four CDRs, respectively (Fig. 1c).

Selection and characterization of functional antibodies
To assemble a panel of diverse functional antibodies, we used library F to generate 168
antibodies against 39 diverse protein antigens. The functional antibody set was not enriched
relative to the naïve set in terms of sequences with all four CDRs mutated, indicating that, in
terms of antigen recognition capability, these heavily diversified clones do not hold a
significant advantage over less diversified clones containing two or three mutated CDRs
(Fig. 1c). Comparing diversity within each CDR amongst functional clones relative to naïve
clones, diversity was unchanged in CDR-H2, was modestly enriched in CDR-H1 and -L3
but was modestly depleted in CDR-H3. Thus, contrary to the situation in natural antibodies,
our results suggest that synthetic antibodies derived from this library use CDR-L3 more
often than CDR-H3 for antigen recognition. In fact, almost 20% (32 of 168) of the
functional Fabs, recognizing 16 different antigens, contained the template CDR-H3. In
contrast, less than 5% (8 of 168) of the functional Fabs contained the template CDR-L3.

To assess specificity, we used enzyme-linked immunosorbant assays (ELISAs) against a
diverse set of antigens and analyzed Fabs that recognized 14 different antigens but contained
the same template CDR-H3 sequence (Fig. 2). For comparison, we also assessed the
specificities of 11 Fabs that contained mutated CDR-H3 sequences. Regardless of having
template or mutated CDR-H3, most of the analyzed binders showed high specificity for the
cognate antigen. Six or two Fabs with template or mutated CDR-H3 sequences, respectively,
exhibited detectable binding to at least one non-cognate antigen. Surprisingly, affinity
analyses of pairs of Fabs recognizing the same antigen showed that in five out of eight cases,
Fabs containing the template CDR-H3 loop exhibited higher affinities than those containing
mutated CDR-H3 loops (Fig. 2). Moreover, for three antigens, we isolated high affinity Fabs
(5-1, 6-1, 11-1) in which only CDR-L3 was mutated. Taken together, these results show
that, for a significant fraction of antigens, it is possible to generate high affinity Fabs without
the need for CDR-H3 diversity, and Fabs containing a fixed CDR-H3 sequence exhibit
comparable affinity and specificity relative to those containing mutated CDR-H3 loops.

Alanine-scanning of CDR-H3
Having shown that many Fabs containing the same CDR-H3 loop can recognize diverse
antigens, we used shotgun alanine-scanning to investigate the functional contributions of
individual residues within CDR-H3.18 We scanned ten Fabs that contain the same CDR-H3
but recognize different antigens, and the wild-type/Ala ratio at each position was used to
assess the contribution of each residue to the recognition of each antigen (Fig. 3).

For most of the Fabs, many of the CDR-H3 residues are important for antigen recognition,
and in four cases (2-1, 7-1, 9-1, 10-1), more than two thirds of the loop appears to be
important. At the other extreme, in two Fabs (8-1, 1-1), almost the entire CDR-H3 appears
to be inert. Thus, in most cases, it appears that the same CDR-H3 residues participate in
energetically favorable interactions with different antigens, but in some cases, it appears that
the antigen-binding site functions with virtually no contributions from the CDR-H3 loop.
Notably, as illustrated in Fig. 2, there is no correlation between affinity and the functional
contributions of CDR-H3, as the two lowest affinity Fabs (2-1, 10-1) rely heavily on CDR-
H3, while the highest affinity Fab (8-1) relies the least on CDR-H3. Moreover, the Fabs that
exhibit significant non-specific binding (2-1, 4-1, 7-1) also appear to rely heavily on
CDRH3, suggesting that specificity does not correlate with functional contributions from
CDR-H3. In summary, it is surprising but clear that the common CDR-H3 sequence within
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these Fabs participates in the recognition of numerous diverse antigens, and the Fabs are
highly functional, with most exhibiting affinities in the single-digit nanomolar range.

Structural characterization of a Fab-antigen complex
To gain insights into how the fixed CDR-H3 loop functions in an antigen-binding site, we
solved the crystal structure of Fab-8-1 in complex with its cognate antigen, the tudor domain
of the human tudor domain-containing protein 3 (TDRD3) (Table 1, Fig. 4). Fab-8-1 was
chosen for analysis because it exhibits the highest affinity amongst the 10 Fabs subjected to
alanine-scanning, and it is unusual in that the CDR-H3 sequence appears to play virtually no
functional role in antigen recognition (Fig. 3). Thus, we sought to better understand how
high affinity binding is achieved without a functional CDR-H3, and also, to investigate the
structural role of the CDR-H3 loop within the paratope.

The binding of Fab-8-1 to TDRD3 results in an extensive interface, with 836 or 765 Å2 of
surface area buried on the antibody paratope or the antigen epitope, respectively (Fig. 4).
Although CDR-L1 and -L2 were not diversified in the Fab library, these loops make a few
contacts in the interface and contribute a small proportion of the total buried surface area
(Fig. 4a). Amongst the four CDRs that were diversified, CDR-H1 makes only a minor
contribution. In contrast, CDR-H2, -H3 and -L3 dominate the paratope and make extensive
contacts to the TDRD3 antigen (Fig. 4a, b). The large contribution of CDR-H3 to the
interface is somewhat surprising, considering that this loop was not diversified in the Fab
and the majority of its residues were found to be functionally inert by alanine-scanning
analysis (Fig. 3).

We compared the details of the molecular interactions that TDRD3 makes with the fixed
CDR-H3 and the mutated CDR-L3 (Fig. 4c). CDR-L3 makes numerous van der Waals
contacts through the aromatic/cyclic residues His107L, Pro109L, Phe110L, Tyr113L and
Trp114L. CDR-L3 also forms hydrogen bonds with TDRD3 through the backbone amides of
Phe110L and Trp114L to the carbonyl of Gly595 or the side chain hydroxyl of Try597,
respectively. Consequently, the CDR-L3 main chain shows exquisite shape complementarity
with the antigen surface, allowing the main chain to mediate hydrogen bonds. Likewise, the
functionally inert CDR-H3 also makes numerous van der Waals contacts through the
aromatic/cyclic residues Pro111.3H, Tyr112.3H, Phe112.2H and Trp113H, and possibly, through
the aliphatic region of Lys111.2H (not defined in the electron density). Moreover, the
Arg109H side chain of CDR-H3 forms a salt bridge to the Glu599 side chain of TDRD3. It is
noteworthy that, 8 aside for Trp113H, all of the residues in CDR-H3 that make contact with
TDRD3 are functionally inert as assessed by alanine-scanning (Fig. 3).

To further define the role of CDR-H3 in antigen recognition, we examined the contacts
made by the most conserved residues indentified in our alanine-scanning analysis: Trp113H

and, to a lesser extent, Thr107H and Gly112H (Fig. 3, 4d). Trp113H makes only a few van der
Waals contacts to the antigen (Fig. 4c), and instead, primarily contacts residues on the
adjacent CDR-L3 loop. CDR-L3 residues His107L, Trp114L and Phe116L bury the side chain
of Trp113H in a hydrophobic pocket and the side chain of Gln105L forms a hydrogen bond
with the main chain carbonyl of Trp113H. Interestingly, neither Thr107H nor Gly112H make
contact with TDRD3. However, both residues are positioned in close proximity to Trp113H,
suggesting that they contribute indirectly to antigen recognition by either stabilizing the
Trp113H side chain rotamer or by stabilizing the short 310-helix that positions Trp113H in
contact with CDR-L3. Thus, the role of CDR-H3 in antigen recognition appears to be
primarily structural, as the functionally important residues within this loop are primarily
involved in facilitating the conformation of CDR-L3 required for antigen engagement.
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Discussion
Using a synthetic antibody library with equivalent chemical diversity incorporated in both
CDR-H3 and CDR-L3, we show that CDR-L3 is better able to contribute to functional
antigen-binding sites than is CDR-H3. For almost half (16 of 39) of the antigens studied, the
repertoire yielded functional antibodies that contained diversified CDR-L3 loops but
retained a fixed CDR-H3 sequence. This observation of light chain driven antigen
recognition contradicts previous studies of natural antibodies that have shown
binding 7,8,12-14 CDR-H3,19 but we show that CDR-L3 can readily dominate antigen
recognition in synthetic antibodies that are not subject to these constraints.

Alanine-scanning analysis of ten unique antibodies with a common CDR-H3 showed that, in
most cases, the fixed loop contributes energetically to the recognition of diverse antigens.
The conformation of CDR-H3 strongly depends on its chemical and structural environment,
or in other words, its interactions with other residues within the antibody and within the
antigen.7,20-22 Our results show that the context dependence of CDR-H3 structure also
extends to CDR-H3 function. The structure of one antibody shows how the common CDR-
H3 loop establishes numerous contacts with the antigen and also supports the structure of
CDR-L3, and it would be interesting to solve additional structures to compare and contrast
the role of the same loop in different antibodies. Taken together, our results show that
diversity in CDR-H3 is not required for high affinity recognition of diverse protein antigens,
as a single fixed CDR-H3 can interact with many antigens and can thus contribute to the
formation of diverse antigen-binding sites.

An important implication of our findings is that rules inferred from studies of natural
antibodies are far from absolute, and when given the chance, it is clear that CDR-L3 can
play a much more important role than that prescribed by natural sequence diversity.
Although it has long been known that the light chain contributes to antigen recognition by
natural antibodies19 and light chain engineering has been employed to create antibodies with
novel binding characteristics,23-25 we show that CDR-L3 not only contributes to antigen
recognition but can in fact dominate the antigen-binding site. In practical terms, these results
indicate that synthetic antibody repertoires designed to incorporate diversity in CDR-L3
beyond that endowed by nature may prove to be better than natural antibody repertoires as
resources for generating antibodies with novel functions.

Materials and Methods
Library construction

Library F was designed for the display of Fabs on the surface of M13 bacteriophage in a
bivalent format,26 as described,27 using an optimized human framework (Fig. S1a) and
mutagenic oligonucleotides designed to mutagenize CDR-H1, -H2, -H3 and -L3 (Fig. S1b).
The highly diverse positions in the oligonucleotides for mutagenesis of CDR-H3 and -L3
were synthesized using a custom Trimer Phosphoramidite Mix (Glen Research, Sterling,
VA) containing codons for nine amino acids in the following molar ratios: 25% of Tyr, 20%
of Ser, 20% of Gly, 10% of Ala, and 5% each of Phe, Trp, His, Pro and Val.

Selection and characterization of Fab-phage
Phage from library F were cycled through rounds of binding selection with antigen coated
on 96-well Maxisorp Immunoplates (NUNC, Rochester, NY), as described.3,28 After three
to five rounds of selection, phage were produced from individual clones grown in a 96-well
format and the culture supernatants were used in phage ELISAs to detect specific binding
clones. Clones that bound to antigen but not to bovine serum albumin (BSA, Sigma-
Aldridge, St. Louis, MO) were subjected to DNA sequence analysis.
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To further assess specificity, phage ELISAs were used to measure binding to a panel of
antigens, as described.5 Competitive phage ELISAs were used to determine IC50 values,
defined as the concentration of soluble antigen that blocked 50% of the phage binding to
immobilized antigen. A fixed, sub-saturating concentration of phage was pre-incubated for 2
h with serial dilutions of antigen and then transferred to antigen-coated plates, which were
incubated, washed, developed and read, as described.5

Kinetic affinity analysis
Fab proteins were purified from Escherichia coli, as described.29 Binding kinetics were
determined by surface plasmon resonance using a ProteON XPR36 (BioRAD) with antigen
immobilized on GLC chips at a density sufficient to produce ~100 response units when
saturated with Fab. Serial dilutions of Fab proteins were injected, and binding responses
were corrected by subtraction of responses on a blank flow cell. For kinetic analysis, a 1:1
Langmuir model of global fittings of kon and koff was used. The KD values were estimated
from the ratios of kon and koff.

Shotgun alanine-scanning
Combinatorial alanine scanning was performed as described.18 A mutagenic oligonucleotide
was used to construct libraries, one for each of the ten Fabs analyzed, in which codons
within the CDR-H3 sequence (positions 107-113) were replaced with a degenerate codon
that encoded for equal proportions of wild-type, Ala and, in some cases, two additional
amino acids. Phage from each library were cycled through two or three rounds of binding
selection as described above. Approximately 50 binding clones were sequenced from each
library and the wild-type/Ala ratio was determined for unique clones at each varied position.

Crystallization, structure determination and refinement
DNA encoding the tudor domain of TDRD3 or the anti-TDRD3 Fab-8-1 were cloned into
the pET28-MHL (GenBank accession EF456735) or pCW-LIC (GenBank accession
EF460848) vectors, respectively. The resulting expression vectors were used to produce
recombinant protein in E.coli BL21 (DE3) codon plus strain (Stratagene). TDRD3 was
purified using metal affinity chromatography on a Nichelating open column followed by
size exclusion chromatography on a pre-packed HiLoad 26/60 Superdex 75 pg size
exclusion column (GE Life Sciences). Fab-8-1 was purified using a protein A-sepharose
open column followed by cation-exchange chromatography on a HiTrap SP HP column (GE
Life Sciences). Purified TDRD3 protein was mixed with Fab-8-1 protein at a 2:1 molar
ratio, and the TDRD3:Fab-8-1 complex was purified to homogeneity by size exclusion
chromatography on a HiLoad 16/60 Superdex 75 pg size exclusion column (GE Life
Sciences).

The TDRD3:Fab-8-1 complex was crystallized at a concentration 24 mg/ml using the sitting
drop vapor diffusion method at 18 °C. The reservoir solution contained 16% PEG 3350,
0.05 citric acid, 0.05M BIS-Tris propane, pH 5. Using a nylon loop,30 crystals were passed
through the reservoir solution containing 20% glycerol, flash-frozen and stored in liquid
nitrogen until data collection.31 A 2.05 Å resolution dataset was collected at beamline 19ID
of the Advanced Photon Source and reduced using the HKL3000 suite of programs.32 The
structure was solved by molecular replacement with the program PHASER33 and
coordinates from PDB34 entries 2HFF,35 modified on the FFAS03 server,36 and 3PMT. The
asymmetric unit contained eight heterotrimers, each of which comprised light and heavy
antibody chains and TDRD3. Manual model adjustments were performed with COOT.37

REFMAC38 and PHENIX39 were used for refinement. Model geometry was validated on the
MOLPROBITY server.40
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Library design and characterization. (a) The backbones of the heavy and light chain variable
domains are shown as tubes. The frameworks are colored grey and the CDR loops are
colored as follows: CDR-L3 (purple), CDR-H1 (yellow), CDR-H2 (orange) CDR-H3 (red).
Spheres colored according to the CDR coloring scheme represent positions that were
diversified. The figure was generated using PyMOL (http://www.pymol.org/) with crystal
structure coordinates (Protein Data Bank entry 1FVC). (b) CDR diversity design. Positions
shaded in grey were fixed as the parental sequence, and at each diversified position, the
allowed amino acids are denoted by the single-letter code. X denotes a mixture of nine
amino acids (Y, S, G, A, F, W, H, P or V) introduced at proportions described in Materials
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and Methods. The lengths of CDR-L3 and -H3 were varied by replacing the positions
denoted by X with 3-7 or 1-17 degenerate codons, respectively. Residue numbering is
according to the IMGT scheme.41 (c) Actual CDR diversity in naïve and functional Fabs.
The fractions of Fab-phage containing diversity within a particular CDR or containing a
given number of mutated CDRs are shown for 104 unique naïve Fabs (white bars) and 168
unique functional Fabs selected for binding to 39 different antigens (black bars).
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Fig. 2.
Sequences, affinities and specificities of antigen-binding Fabs. CDR positions that were
randomized in the library are shown for Fabs selected for binding to 14 different antigens
(numbered from 1 through 14). CDRs shaded in grey indicate sequences of the template Fab
(WT) used for library construction. Tyr, Ser, Gly and Ala are shown in yellow, red, green or
blue, respectively. Dashes indicate gaps in the alignment. Binding affinities to cognate
antigens were determined by surface plasmon resonance (KD) or by competitive phage
ELISA (IC50, marked with asterisk). Specificity ELISA signals are colored blue for cognate
antigen or as follows for non-cognate antigens: 1.0 < dark yellow; 0.2 < light yellow < 1.0;
0.2 > white. ND indicates that the value was not determined. Fab names shaded in grey
indicate that the CDR-H3 loops were subjected to shotgun alanine-scanning analysis (see
Fig. 3). The numbers denote the following antigens (described with gene name and Uniprot
identifier): (1) HUWE1 (Q7Z6Z7), (2) PA0623 (Q9I5S9), (3) ACTB (P60709), (4)
Tank2Parp (Q9H2K23), (5) MCMBP (Q9BTE3-2), (6) CBX3 (Q13185), (7) G9A
(Q96KQ7), (8) TDRD3 (Q9H7E2), (9) MEN1 (O00255-2), (10) TcTex1 (P631723), (11)
GRM5 (P41594), (12) SH3PXD2A (Q5TCZ1), (13) CD2AP (Q9Y5K6), (14) SH3D19
(Q5HYK7).
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Fig. 3.
Shotgun alanine-scanning analysis of CDR-H3 loops. The wild-type/Ala ratios for the
residues in CDR-H3 following selection for binding to antigen are shown for ten Fabs that
contain an identical CDR-H3 loop but recognize different antigens (see Fig. 2). Residues
predicted to be important for antigen binding (wild-type/Ala > 4) are shaded grey. In cases,
where no alanine mutations were found a lower limit is given.
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Fig. 4.
The crystal structure of the TDRD3:Fab-8-1 complex. (a) Overall structure of the
TDRD3:Fab-8-1 complex. TDRD3 is colored blue. Fab-8-1 is colored grey, or as follows:
CDR-H1 (yellow), CDR-H2 (orange), CDR-H3 (red), CDR-L3 (purple). Inset is the buried
surface area (BSA) contributions of each CDR to the interface. (b) The structural paratope
and epitope. Fab-8-1 (left) and TDRD3 (right) are shown in an open book view as molecular
surfaces. Residues within 4.5 Å of the cognate ligand are represented by spheres. Fab-8-1
paratope residues are colored yellow, orange, red or purple if they contact TDRD3 and
reside within CDR-H1, -H2, -H3 or -L3, respectively. TDRD3 epitope residues are colored
yellow, orange, red or purple if they contact CDR-H1, -H2, -H3 or -L3, respectively. (c)
Interactions between TDRD3 and CDR-H3 (left) or CDR-L3 (right). (d) Interactions
between CDRH3 and CDR-L3. Dashed lines represent hydrogen bonds or ionic bonds.
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Table 1

Data collection and refinement statistics for the TDRD3:Fab-8-1 complex (3PNW)

Data collection

 Space group P1

 Cell dimensions

  a × b × c (Å) 76.7, 93.7, 159.9

  α × β × γ (°) 81.0, 82.8, 90.1

 Resolution (Å) 50.0-2.05 (2.12-2.05)
a

 Rsym
b
 (%) 8.6 (41.4)

a

 I/σI 9.5 (2.0)
a

 Completeness (%) 97.4 (93.1)
a

 Redundancy 2.5 (2.3)
a

 Total reflections 266201

 Unique reflections 25457

Refinement statistics

 Resolution (Å) 30.0-2.05 (2.10-2.05)
a

 Rwork / Rfree
c
 (%) 22.3/ 26.4 (32.6/ none

d
)

 Reflections used 266095 (18210)
a

 No. of protein atoms 29758

 No. of waters 1275

 rmsd bond lengths (Å) 0.014

 rmsd bond angles (°) 1.3

 Average B-factors

  Protein (Å2) 55.6

  Solvent (Å2) 47.5

Ramachandran plot statistics 
e

 Most favored (%) 91.8

 Additional allowed (%) 7.7

 Generously allowed (%) 0.3

 Disallowed (%) 0.3

a
Values in parentheses represent the highest resolution shell.

b
Rsym(I) = ΣhklΣi|Ii(hkl) - 〈I(hkl)〉|/ΣhklΣiIi(hkl)where the summations are over i observations of each reflections and all hkl. 〈I(hkl)〉 is the

average intensity of the i observations. Rwork = |F(obs) - F(calc)|/F(obs)

c
Rfree was calculated for 2162 reflections selected in thin resolution shells (SFTOOLS, B. Hazes, University of Alberta) and not used in the

refinement.

d
No free reflections were selected within the high resolution shell.

e
RA Laskowski, MW MacArthur, DS Moss and JM Thornton (1993) JAppI Crystallogr 26: 283-291
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