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A Double S Shape Provides the
Structural Basis for the Extraordinary

Binding Specificity of Dscam Isoforms

Michael R. Sawaya, Woj M. Wojtowicz, Ingemar Andre, Bin Qian, Wei Wu, David Baker, David Eisenberg,
and S. Lawrence Zipursky

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Multiple Sequence Alignment

Amino acid sequences of the N-terminal eight |g domains from 94 vertebrate and invertebrate Dscam
genes were obtained from BLAST, Ensembl, FlyBase and from Brent Graveley (University of
Connecticut). Sequences were aligned using MultAlin (Corpet, 1988) and gaps were removed.
Alignments were visualized using WebLogo (Crooks et al., 2004; Schneider and Stephens, 1990).

Comparison of Dscam1-8 Dimers Shows Variation in Proximity of Ig7 to Ig3

Schematic Overlap of Dimers AB and CC Molecules A and B Molecule C and Symmetry

Figure S1. Hinge flexibility in Dscam;.g

The dimer is oriented as in Figure 2. Molecules A and B are shown in gray ribbon. Molecule C and its
symmetry mate are shown in white. The surfaces shown depict the molecular envelopes. Molecules are
superimposed using a.C atoms in 1g5 and Ig6. The largest difference in hinge angles are between Ig4 and
Ig5 (26°) and between Ig6 and Ig7 (13°). The conformational changes produce a 13 A shift that brings g7
closer to the horseshoe, Ig1-l1g4 in molecule C.
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A Dimer Packing Geometry Is Anomalous for Dscam,_, Splice Variant 9.9 B Sequence Alignment of Ig2

Interface Segments
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Figure S2. Igl-lg4 dimer geometry

The structure of the first four Ig domains of Dscam; g is compared with the two Dscam;_4 structures
(Meijers et al., 2007). The two Dscam;., structures contain different Ig2 and 1g3 variants. Dscamy.4 (1.34)
contains 1g2.1 and 1g3.34 and Dscams.4 9.9y contains 192.9 and 193.9. The Dscam;.4 9.9) Structure exhibits
an alternate mode of dimerization. The alternate mode of dimerization in the Dscam,.4 (9.¢) Structure is not
consistent with the modular nature of variable domain interactions. Extensive binding studies on each of
the three variable domains (Wojtowicz et al., 2007), the Dscam;.4 (1.34y Structure and the Dscam;.g
structure reported here strongly argue that variable domain self-binding occurs in a modular fashion.
Modularity provides the mechanism that underlies Dscam binding specificity because any combination of
Ig2, Ig3 and Ig7 domains gives rise to a homophilic binding protein. Modularity requires that each of the
three self-binding variable domains has a stereotyped interface that is unaffected by the identity of the
other two variable domains. The lack of modularity in the Dscam;.4 9.6y dimerization interface is difficult to
reconcile with the functional modularity observed. Evidence supporting the notion that the dimer interface
observed in the Dscam;.4 9.9) Structure represents a crystal packing artifact are outlined in the following
panels.

(A). Upper. Superposition of Ig1-1g4. Left. Schematic illustration of the Ig1-1g4 dimer packing in Dscam;.g
and Dscam;.4 (1.34) (White) as compared with Dscam;.4 9. (gray). The molecules within the Dscam;.4 9.9)
dimer exhibit a 36° rotation relative to the Dscam,.4 ;.34 and Dscam,.g dimers. Middle. Superimposition of
four Ig1-lg4 dimers containing Ig2.1 reveals a conservation of the dimer interface. Dimer of molecules A/B
and C/C from the Dscam,_g structure and two different structures of Dscam;.4 (1.34) are superimposed.
Dscam;.g and Dscam;.4 1.34) both contain 1g2.1 but differ at Ig3 (Dscam,.g contains 193.30 and Dscam;.4
@.34) contains 1g3.34). Despite the different 1g3 variants present in Dscam;.g and Dscam;.4 (1 34), the 192-1g2
interface is identical and the orientation of the 1g1-lg4 molecules within the dimer is unchanged. nght
Structure of the Dscam;.4 9.9y dimer. The size of the Dscaml -4 (9.9) dimerization interface (1,220 AZ )isa
small fraction of the area of the Dscamy.4 (1.34) (3,711 AZ ) dimerization interface. Lower. Comparison of the
Ig2.1-1g2.1 and 1g2.9-1g2.9 interfaces. The 1g2.1-1g2.1 interface is composed of a symmetry axis (N111)
flanked by left and right hydrogen-binding networks (see also Figure 4). Docking models of the remaining
11 Ig2 variants suggest that all of the Ig2 self-binding interfaces, including 1g2.9, adopt this same
conformation with residue 111 at the symmetry axis (see Figure S4). The 1g2.9-1g2.9 interface observed
in the Dscam;.4 9.9y dimer is shifted such that residue Y114 resides at the symmetry axis. This shift may
reflect the fact that the crystallization medium for Dscam,.4 5.9y lacked divalent ions. That divalent cations
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may be an essential component of the biologically relevant 1g2.9-1g2.9 interface is suggested by the
proximity of E109 and D111 across the dimer interface in the 1g2.9 docking model. The cations are
proposed to coordinate this E109-D111 pair. Crystallization at basic pH (pH 8.5) may have distorted the
proper alignment of molecules by creating a strong electrostatic repulsion between E109-D111 pairs in
the absence of divalent cations. In both the Dscam.g and the Dscam;.4 (1.34) Structures intramolecular
interactions between Igl and Ig2 position the Ig1l domains as bookends on either side of the Ig2 domains
which guide the proper registration of the Ig2-1g2 interface (see also Figure S3). These Igl-1g2
interactions are not present in the Dscam;.4 9.9y Structure. Whether it is the lack of these 1g1-1g2
interactions that leads to the shift at the 192.9-1g2.9 interface or the shift at the 1g2.9-1g2.9 interface that
leads to the lack of interactions between Igl and Ig2 is not possible to determine. In addition, the shift
observed in the Dscam;.4 9.9) dimer could be attributed to the fact that the Ig1-Ig4 construct was
crystallized out of context of the larger Ig1-Ig8 segment known to be required for homophilic dimerization
(Wojtowicz et al., 2004) and, as such, may have been susceptible to distortion by crystal packing forces.
(B) 192 self-binding binding specificity. The 12 Ig2 variants exhibit striking binding specificity (Wojtowicz et
al., 2007). Each binds to itself but rarely to other variants. A binding grid testing all pairwise combinations
of Ig2 variants demonstrated that only 4 out of the 66 Ig2 pairs exhibit non-self binding (Ig2.1 and 1g2.3,
Ig2.5 and 1g2.7, 1g2.6 and 1g2.7, 1g2.8 and 1g2.9). Swapping experiments demonstrated that the segment
comprising residues 107-114 is sufficient to confer the binding specificity of all g2 variants. This region
comprises the 1g2 dimerization interface observed in the Dscam;.4 (1 34y and Dscam,_g structures as well as
the docking models of the remaining 11 192 variants (see Figure S4). The unigue binding specificity of
each 1g2 variant is proposed to arise from a unique combination of residues 107-114 which form left and
right hydrogen-binding networks flanking the symmetry axis. The Ig2 dimerization interface in Dscam;.4
(90.9) IS composed of only a single residue (i.e. Y114) which resides at the symmetry axis. There are no
flanking hydrogen-bond networks. If Y114 were sufficient to mediate the 192.9-1g2.9 interface, then other
Ig2 variants containing Y114 might be expected to bind to 1g2.9. Residues 107-114 for all g2 variants are
shown. In addition to 1g2.9, seven Ig2 variants contain Y114. Of these, only one (i.e. 1g2.8) binds to 1g2.9.
Therefore, the binding specificity of the 1g2 variants is inconsistent with the alternate mode of Dscam; 4
(9.9) dimerization.
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Constant domain Ig1 contributes to dimer interface
Domain Key Ribbons

Figure S3. Igl domains “bookend” Ig2 domains in Dscam;.g dimer

Constant domain Ig1 contributes approximately 15% of the Dscam dimer interface surface area.
Specifically, Ig1 shares hydrogen bonds and van der Waals contacts with the variable loop connecting 1g2
and Ig3 (lower inset). These contacts appear to act as a physical barrier to prevent the two molecules
from sliding across a relatively flat interface (in the horizontal direction). The left panels provide a key for
identifying the domains in the more detailed ribbon diagrams shown on the right. Only the first four Ig
domains from Dscam, g are illustrated. Gray and white ellipsoids distinguish the two molecules of the
dimer. Red and blue colors distinguish the variable residues of Ig2 and 1g3, respectively. Black ellipses
mark the axis of two-fold rotational symmetry.
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Figure S4. 192 homophilic interface docking models

Symmetric homodimeric docking models (André et al., 2007) were generated for each of the 12 1g2
variable domains using Rosetta (Das et al., 2007). Similarity between the 1g2.1-1g2.1 docking model
interface and the 1g2.1-1g2.1 interface in the Dscam;.g and previous Dscam.4 (1.34) Crystal structures
(Meijers et al., 2007) (see Figure 4A) validates the use of docking models to investigate the 1g2-1g2
interface (this is also the case for Ig7 docking models, see Figure S6). The interface segment in the
docking models of all 12 1g2 variants comprises residues 107-114, the same region observed in the
crystal structures of Ig2.1. That these segments reside at the interface of all Ig2 variants is strongly
supported by previous biochemical swapping experiments which demonstrated that the 107-114 segment
is sufficient to confer the binding specificity of all Ig2 variants (Wojtowicz et al., 2007). In all 12 docking
models, residue 111 resides at the symmetry axis and is capable of packing against its symmetry mate.
1g2.8 and 1g2.9 which contain E111 and D111, respectively, likely require the presence of a cation to
coordinate these negatively charged residues across the interface. Flanking the symmetry axis, each of
the 12 1g2 variants has a unique left and right network that exhibits electrostatic and shape
complementarity. The electrostatic and shape complementarity exhibited at each interface provides a
structural explanation for the highly-specific self-binding properties exhibited by each of the 12 192
variants (Wojtowicz et al., 2007).
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Figure S5. Ig2 heterophilic interface docking models

Symmetric homodimeric docking models (André et al., 2007) were generated for each of the 12 Ig2
variable domains using Rosetta (Das et al., 2007) (see Figure S4). Binding and non-binding 1g2
heterophilic interfaces are illustrated here.

(A). Binding Ig2 heterophilic interfaces. The 12 Ig2 domains were tested for binding in a grid fashion (i.e.
12 x 12) (Wojtowicz et al., 2007). Out of the 66 heterophilic pairs, 4 pairs exhibit heterophilic binding,
albeit at levels lower than the homophilic binding of each. One binding Ig2 heterophilic pair is shown in
Figure 4D and the other three pairs are shown here. All pairs exhibit electrostatic and shape
complementarity, albeit to a lesser degree than each self-binding homophilic interface (compare with
homophilic interfaces in Figure S4).

(B). Non-binding Ig2 heterophilic interfaces. Electrostatic and shape non-complementarity (yellow
starbursts) are observed at either the left, right or both networks. Non-complementarity arises from steric
overlap, electrostatic repulsion, and poor shape complementarity between mismatched side chains
across the heterophilic interface.
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1g7.30-1g7.30 crystal dimer is remarkably similar to 7.25-7.25 de novo model

Figure S6. Superimposition of Ig7 dimer from crystal structure and de novo modeling

A remarkable similarity is observed between the Ig7.30-1g7.30 dimer in the Dscam;_g crystal structure and
the 1g7.25-1g7.25 dimer model predicted using Rosetta (Wojtowicz et al., 2007). A stereo diagram of the
superimposed 1g7.30-1g7.30 and 1g7.25-g7.25 dimers is shown. The two dimers were superimposed in-
tact, yielding an RMS deviation of 2.1 A for 180 out of 190 possible alpha carbon pairs. The close
coincidence in dimer geometry is remarkable given the difference in methods used to arrive at the models
and the difference in amino acid sequence between the two isoforms — they share only 38% identity
differing at 59 out of 95 residues. The green chain corresponds to the crystal structure. The gray chain
corresponds to the de novo model.
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Ig7 Homophilic Docking Models
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Figure S7. 1g7 Homophilic Docking Models

Homophilic docking models were generated for 10 Ig7 domains using Rosetta (Das et al., 2007; André, et al., 2007). Six docking models are
shown here, one is shown in Figure 5B (i.e. 197.20) and three others are not shown. Molecule A is shown in lighter colors. All two-fold
symmetric 197 interfaces are formed between identical segments along the ABED strands that comprise one face of the Ig7 domain. Each self-

binding Ig7 interface exhibits complementarity across all of the ABED strands. Slices of each interface are taken from four different depths to
illustrate surface complementarity between subunits.
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Figure S8. Electron density map of 1g5:1g6 intramolecular interactions

The quality of the Dscam,.g model is illustrated by the features of this 4.2 A resolution 2Fo-Fc omit map
showing the intramolecular interactions between Ig5 and Ig6. All residues composing the 1g5:1g6 hinge of
molecules A, B, and C were removed from the coordinate set. The remaining coordinates were submitted
to simulated annealing refinement (starting temperature 1500 K). The resulting coordinates were used to
calculate the 2Fo-Fc omit map shown here. The map shows clearly defined density for R496 which
appears to play a major role in supporting this hinge conformation.



(066T ‘suaydals

pue 1apIauyds ‘y00z “'le 18 $400.1D) (JNpa Aajaxiaq 0Bojgam//-dny) oBo1gap Buisn parensny pue (8g6T 19d10D) uieynyy Buisn paubie atam saouanbas

?)
o

‘abuiy 9b-gb| ay) Ul paAjoAUIl SBNpPISal PaAIasu09 Ajjeloadsa areolpul siels ‘96]-G6| pue ‘£6)-zb| usamiaq Ajjeolyioads ‘surewiop Uusam1aq suln) aslanal

Buionpoud ul panjoAul sdoo| papualxa a1ealpul saxoq abuelQ ‘suoifal ajqeueA ul Ajrewnd 1) 8say) ‘810N "SI9BIU0D JSWIP Ul PAAJOAUI A1D81Ip Sanpisal ayedipul

<
o
c

SUOX® 9|qeleA alelgalaAul 8] 0) puodsaliod sluswbas usalb pue ‘an|g ‘pay "UONBAISSUOI JO [9A8] 8y} 0] [euoiodold SI Jajoeseyd S,pioe oulwe yoes

sox0q MOJ[aA (sajburioal ‘sadlay ‘smolle ‘spuels-g) aouanbas ayl anoge paledipul SI ainonis Arepuodas ayl "Ajaanoadsal ‘26 pue ‘g6 ‘zb) Buipooua
Jo 8zis ay] (26 Buipoaua) s uoxa /29 pue (6] Jo Jjey reulisl-N ayl Buipoaus) sg uoxa /78 ‘(261 10 Jrey feuiwlial-N ay1 Buipoous) sy uoxa Gez Buipnjoul

3
o

pajuasaidal ale sauab weasq JualayIp ¥6 ‘[e101 Ul “-NVYISA Pue INYOSA S1eIgalaA pue ‘yleds pue gwedsq ‘Zwedsq ‘weasq arelgauanul Buipnjoul
suI9104d Wedsq wouy paloal|0d alom saouanbas pioe oulwe Wedsq 8jNdajow Weasd ay) JO SUeWopolda g 1Sl 8y JO UOITeAIaSU0D 82uanbas Jo uonensn|||

W
N

sula104d &Tweasq 6 JO 1usawubije aouanbas ajdn NN "6S 2.nbi4

10

puess go




Cell, Volume 134

Table S1. Statistics of X-ray data collection and atomic refinement (numbers in parentheses refer
to the outer shell of data).

Space group 1222
a=118.6, b=177.9, c=434.3
90.0-4.2 (4.35-4.20)

Unit cell parameters [A,°]

Resolution range [A]

Reym* [%6] 6.6 (46.2)
Number of unique data 34106(5605)
Completeness of data [%0] 99.6 (99.9)
I/o(l) 17.4 (4.0)
Number of residues (3 chains / asymmetric unit) 2127
Number of protein atoms 16435
Number of carbohydrate atoms 320
Number of glycerol and sulfate atoms 29
Number of water atoms 0
Matthews' coefficient [A*/Da]** 4.2
R [%6]*** 28.0 (29.1)
Riree [Y0]**** 32.7 (36.8)
Test set size [%)], selection 5.0, random
RMS deviations from target values

Bond lengths [A] 0.008

Bond angles [°] 1.2
Ramachandran angles

Most favored [%] 84.2

Additionally allowed [%] 14.4

Generously allowed [%0] 0.8

Disallowed [%] 0.7
Errat Overall Quality Factor[%] 78.8
Verify3D residues with score >0.2[%] 88.3
Average B factor for mainchain atoms [A%] 53.7
Average B factor for sidechain atoms [A%] 54.3
Average RMS B for mainchain atoms [A?] 0.56
Average RMS B for sidechain atoms [Az] 0.46

11
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* Reym = 2|lo — lo (Mean) |2/ ) [IOZ], where |, is the observed intensity. Both summations involve all
input reflections for which more than one symmetry equivalent is averaged.

** Matthews’ coefficient as defined by Matthews, 1968

% R = Z|Fo| — |Fell/ Z|Fo|

**** Riree @S defined by Brunger, 1992

12
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Table S2. Intramolecular Domain:Domain Interface Areas in Chain A

Intramolecular Domain Interfaces Total Area Buried (A%
lgl:lg4 1351
Ig2:1g3 1416
g4:1g5 421
1g5:1g6 842
Ig6:1g7 376
1g7:1g8 443

13



Cell, Volume 134

Table S3. Intermolecular Domain-Domain Interface Surface Areas

Interface Reference Chains First Second Interface Sc
Domain Domain Area Total
(A% (A% (A%
1g2-1g2
Ig2.1 this paper A-B 546 550 1,096 0.612
Ig2.1 this paper Cc-C 580 580 1,160 0.594
Ig2.1 2vbm A-B 556 556 1,112 0.741
Ig2.1 2v5s A-B 568 560 1,128 0.724
192.9 2v5r A-B 187 197 384 0.545
1g3-1g3
1g3.30 this paper A-B 283 280 563 0.478
193.30 this paper c-C 293 293 586 0.607
1g3.34 2vbm A-B 352 352 704 0.834
1g3.34 2vbs A-B 354 356 710 0.830
193.9 2v5r A-B 84 85 169 0.657
Ig7-1g7
Ig7.30 this paper A-B 623 631 1254 0.314
1g7.30 this paper c-C 691 691 1382 0.352

Sc=Surface complementarity as defined by Lawrence and Coleman (1993) J. Mol. Biol., 234, p946 - p950
and computed with the CCP4 program, SC.

14
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Table S4. Intramolecular Domain:Domain Hinge Angle Differences Among Chains A, B, and C.

Chains A-B Chains A-C Chains B-C Average
Ig4:1g5 33° 26° 17° 25°
Ig5:1g6 0.5° 0.4° 0.4° 0.4°
lg6:1g7 12° 13° 13° 13°
Ig7:1g8 Flexibility in this hinge is so great that 1g8 is disordered in chains A and C.

Calculated using LSQKAB from CCP4 suite of crystallographic programs. Collaborative Computational
Project, Number 4. (1994). The CCP4 suite: programs for protein crystallography. Acta Cryst. D50, 760-
763.

15
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