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Supplementary Note 1 - Further notes and references on the importance of patterns in immunity

More examples of pattern display currently used for immunization includes the vaccine for Human
Papillomavirus (HPV)*, the Hepatitis B Virus (HBV) vaccine® and the malaria vaccine being tested in
large clinical trials (based on the HBV vaccine structure)®. Artificial, rationally designed, protein
nanostructures are also being proposed as potential antigen carriers for vaccine applications.51 For
passive therapy (i.e. with a target towards the effect of delivering neutralizing antibodies), bivalent
binding has been found to be crucial in some instances of neutralization for example in dengue virus
2 and H3N2 influenza . Further, the importance of Ab flexibility was recently highlighted in the
context of HIV envelope glycoprotein (Env)-specific monoclonal antibody (mAb), where the virus
neutralizing potency of the mAb was enhanced by artificially increasing the flexibility between the

two IgG’s Fab arms.>***
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Supplementary Fig.1. Schematic illustrations of the human IgG1 subclasses and IgM. Crystallographic data are available for some isotypes >*% a. IgG1. b.
IgG2. c. 1gG3. d. IgG4. e. Monomer of IgM. Each IgG subclass is built up of two heavy chains and two light chains that are colored blue and orange,
respectively. The heavy chains and light chains are covalently paired via disulfide bridges, and so are the heavy chains via disulfide bridges of the hinge
region. The four chains pair up and can be divided onto three main parts, the constant Fc that is linked to two Fab arms via the hinge region. The Fab arms
harbor the specificity for a cognate antigen. The number of disulfide bridges varies between the 1gG subclasses.”® IgM exists in soluble form as hexamers and
pentamers that are formed via covalent disulfide bridges between the monomers. Used in this study is a a soluble monomeric version of IgM (like the one
found membrane bound in B cell receptors) with its two heavy chains and light chains that are colored green and orange, respectively. IgM does not contain
a classic hinge region but instead has a short stretch of amino acids with a disulfide bridge in addition to an extra constant Fc domain.®
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IgGl_WT ALHNHYTQKSLSLSPGK
IgG2_WT ALHNHYTQKSLSLSPGK
IgG3b_WT ALHNRFTQKSLSLSPGK
IgG4_WT ALHNHYTQKSLSLSLGK

****: :******** * %

Supplementary Fig.2. Amino acid sequence alignment of the four human IgG subclasses. The amino acid sequences of the constant heavy chains of the four
human IgG subclasses are aligned. In the current study we used the 1gG1 G1m'®®! and 1gG3 (b) allotypes. Minor differences exist in the amino acid
composition of the heavy chains of the four subclasses that result in district differences in their ability to bind the complement factor C1q and Fc receptors.
The stretch of amino acids corresponding to their hinge regions are highlighted in red. The alignment was made using the ClustalW. software.
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Supplementary Fig.3. caDNAno>® design and Maya 3D rendering of the 18-helix bundle (TOP graph)
andbrick (Bottom graph). Each cylinder represents one double helix.
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Supplementary Fig.4. Quality control of utilized structures. Transmission Electron Microscopy (TEM)
(a),(e) and gel characterization (b),(c),(d) and (f) of the distance displaying 18-helix bundle and
hexagon displaying brick nanostructures. All gels are 2% agarose, pre-stained with Ethidium Bromide

(a) and (e): Uranyl Formate negatively stained TEM of E (‘Empty’ ie. bearing no sites) control
structures structures. Scale bars are 100 nm. The 18-Helix Bundle is well characterized in ref (34). The
44-Helix Brick have been folded more than ten times and imaged with TEM for three times.

(b) Identical gel mobility of the distance displaying 18-helix bundle reveals no discernable difference
between the distance cases indicating proper folding of all structures. Empty, E, structure bearing no
protruding sites. Other lanes are the structures used for the NIP distance experiments.

(c) Structures used for the NIP distance experiments incubated with an excess (1:2000 structure:Abs
0-17 nm, 1:4000 29 & 44 nm) of anti-NIP human IgG1. Appreciable binding and resulting shift can be
seen in the bivalent capable samples (3-17 nm) whereas the predominantly monovalent samples (O,
29 and 44 nm) display bare discernable shifts due to the low affinity at monovalent binding.

(d) Using the higher affinity rabbit anti-DIG Abs with DIG decorated structures reveals shifts also for
the monovalent samples (0, 29 and 44 nm) with a larger mobility shift for the longer distances (29
and 44 nm) indicating two monovalently bound Abs. Excess is 1:1000 structure:Abs 0-17 nm, 1:2000
29 & 44 nm.

(f) Agarose gel of the hexagonal pattern displaying brick structures without Abs showing no
discernable differences in folding quality.

The gels in b-d are repeated three times with similar results.
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Supplementary Fig. 5 Dot plot of anti-NIP Abs data from Fig2a. Dot plot of the binding ratio column

plots presented in figure 2a and b. Monovalent binding samples (0, 28, 45 nm) n = 1; bivalent

binding samples (3, 7, 14, 16, 17 nm) n = 3 or 4, details provided in Supplementary Table 4. Each dot
represents values from individual experiments.
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Methods.) The indicative values of O
underlying structure. The 17 nm structure is created from the 16 nm one by rotating the protruding

between the antigen sites. Perspective and top views shown with potential antigen carrying staples
base-pair along the helical direction and 2.1 nm per helix perpendicular to the helical direction. Given
ends by two BPs (see scheme under the 16 and 17 nm structures). The 0 nm structure contains only

the flexibility of the structures and the 2 nt linker that attaches the antigens in most cases,

uncertainty of at most 2 nm can be expected for all distances. This,
variance found in earlier work on the 18HB® gives the indicated standard deviations. (See also

Supplementary Fig.6. Protruding sites presenting antigens on the 18HB and brick and distances
one antigen site. Distances shown are design distances + the distance error as described in methods.

marked in blue. The distances are estimated using TEM validated values from
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Supplementary Fig.7. Representative SPR sensorgram showing capturing of antigen decorated and
nanostructures to an oligonucleotide immobilized CM3 chip surface. This sensorgram is very
reproducible (n > 200), and nanostructure immobilization sensorgrams always looks like the one as
shown above.
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Supplementary Fig.8. An example of a sensorgram showing injection of serial dilutions of an Ab over
a surface immobilized with nanostructures decorated with the cognate antigen. A single-cycle kinetic
program was used and the resulting binding curve was fitted to the 1:1 Langmuir binding model
supplied with BlAcore T200 evaluation software. This sensorgram is very reproducible (n > 200), and
antibody binding curves (anti DIG and bivalent anti NIP) always look like the one as shown above. For
weaker binding curves (Monovalent NIP and both monovalent and bivalent NP), binding reaches
steady state rapidly and the binding curves look like square pulses, which corresponds to the steady
state response, and when plotted against antibody concentration the KD can be extracted by fitting
the plot with a 1:1 steady state binding model.



GQPKAPSVFPLAPCCGDTPSSTVTLGCLVKGYLPEPVIVTWNSGTLTNGVRTFPSVRQSSGLYSLSSVVSVTSSSQPV
TCNVAHPATNTKVDKTVAPSTCSKPTCPPPELLGGPSVFIFPPKPKDTLMISRTPEVTCVVVDVSQDDPEVQFTWYIN
NEQVRTARPPLREQQFNSTIRVVSTLPITHQDWLRGKEFKCKVHNKALPAPIEKTISKARGQPLEPKVYTMGPPREEL
SSRSVSLTCMINGFYPSDISVEWEKNGKAEDNYKTTPAVLDSDGSYFLYNKLSVPTSEWQRGDVFTCSVMHEALHNHY

TQKSISRSPGK

Supplementary Fig.9. The amino acid sequence of the heavy chain constant domains of rabbit IgG. The short stretch of amino acids corresponding to the
hinge region is highlighted in red.
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mIgGl AKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLESD

mIgG2a AKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLOSD
Jkkok kkkdkkkdkk . %k Kk kkkdkkkkdkkdkokkkkokk c kkkkhkkkdkk ok ok kkdkokkk ok« k ok
mIgGl LYTLSSSVTVPSSPRPSETVTCNVAHPASSTKVDKKIVPRDCGCKPCICTVPEVS —————
mIgG2a LYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKIEPRGPTIKPCPPCKCPAPNLLGG
dkkokdokkokdkk ok kk:ccokkhkkkdkhkdkkkdkkkkkk *k %* %%
mIgGl -SVFIFPPKPKDVLTITLTPKVTCVVVDISKDDPEVQF SWFVDDVEVHTAQTQPREEQFN
mIgG2a PSVFIFPPKIKDVILMISLSPIVTCVVVDVSEDDPDVQISWFVNNVEVHTAQTQTHREDYN
kkhkkhkkkk dhkkk h:kok kokkkkkk -k skokok s kk - kkkk: - kkkkkokkkk _ - K- %
mIgGl STFRSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGRPKAPQVYTIPPPKEQ
mIgG2a STLRVVSALPIQHQDWMSGKEFKCKVNNKDLPAPIERTISKPKGSVRAPQVYVLPPPEEE
dk ok kk dkkk kkkk:  kkkkkk:kk skkkkk:kokkk kk  skkkkk - kkdk:ok-
mIgGl MAKDKVSLTCMITDFFPEDITVEWQWNGQPAENYKNTQPIMNTNGSYEVY SKLNVQKSNW
mIgG2a MTKKQVTLTCMVTDFMPED IYVEWTNNGKTELNYKNTE PVLDSDGSYFMY SKLRVEKKNW
dok _ sok:kdkkk:dkkk:hkkk kkk ks kkkkk:sk:: oo ockokdkk:okkkk k:k_ kok
mIgGl EAGNTFTCSVLHEGLHNHHTEKSLSHSPGK
mIgG2a VERNSYSCSVVHEGLHNHHTTKSFSRTPGK
ko kkkokkkkhkkhk kk:ok::kkk

Supplementary Fig.10. The amino acid sequence of the constant domains of heavy chain of mouse IgG1l and IgG2a. The stretch of amino acids
corresponding to their hinge region are highlighted in red. The alignment was made using the ClustalW. software.
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Supplementary Fig.11. Control pSPR experimental with digoxigenin nanopatterns and rabbit anti-
digoxigenin IgG. Grey squares represent the 18 helix bundle while blue dots represent digoxigenin
molecules. a. Control experiments were carried out with structures decorated with one, two or three
antigens. Monovalent samples were labeled with one antigen or multiple antigens separated at
distances that do not allow bivalent binding. Bivalent samples consist of two antigens at distances
that allow bivalent binding; trimers are separated into two classes; three closely packed antigens and
each antigen has two nearest neighbors, and a pair of separated monomer and dimer. The
monovalent samples resulted in relatively weak binding affinities with binding occupancy that scales
well with the number of antigens per structure. Bivalent samples showed significant increase in the
binding affinity with a binding occupancy of roughly one Ab per structure, indicating successful
formation of bivalent binding. The separated trimers and the closely packed trimers showed similar
binding affinity, with values between weak monovalent binding and strong bivalent binding. The
binding occupancy resulted in roughly two Abs per structure, indicating a 1:1 mixture of monovalent
and bivalent binding. The normalized binding capacity is calculated as follows: we first calculate the
binding ratio (maximum RU for Ab binding/RU on immobilized nanostructures) and then we
normalize the monovalent (0 nm, 18HB decorated with a single digoxigenin) sample to 1, and all
other samples are adjusted accordingly. (n= 3; columns represent the average value; error bars
represent the standard deviation; dots represent data from individual repeats)
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Supplementary Fig.12. Comparison between the digoxigenin nanopatterns in Supplementary Fig.7
with or without the addition of flexible linkers. The addition of flexible 21 oligonucleotide linkers to
the previously tested digoxigenin nanopatterns resulted in similar results: monovalent samples
resulted in weak monovalent binding; bivalent samples resulted in strong bivalent binding; antigen
trimers resulted in a rough 1:1 mixture of monovalent and bivalent binding, which indicate that the
binding energy can be enough to cope with the flexibility of the target. (Top panel: n =3; columns
represent average value; error bars represent standard deviation. Bottom panel: n =1. Dots represent
data from individual repeats)
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° p=023

Kd (pM)

0.5

3 nm with 2 ntlinker 3 nm without 2 ntlinker

Supplementary Fig.13. Comparison between the binding affinity of rabbit anti-DIG IgG towards two
DIG placed at 3.4 nm, with or without a 2 nt linker showing no significant difference between the two
cases. (n = 3; column represent average; error bars represent standard deviation; two tailed equal
variance student’s t test was used and p = 0.23. Dots represent data from individual repeats)
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Supplementary Fig.14. Comparison of the antigen binding affinity of anti-digoxigenin rabbit 1gG at
two different nanopattern immobilized levels. The results showed that different antigen nanopattern
immobilized levels (red columns) did not affect binding affinity (blue columns). The structure used
was the 18 helix bundle decorated with one digoxigenin molecule. (n=1)
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Supplementary Fig.15. Gel retardation assay showing quantitative incorporation of NIP modified
oligonucleotides to the brick nanostructure. The nanostructure concentration is 5 nM and human
anti-NIP 1gG1 was added as 10X excess to each NIP molecule, which will result in a final antibody
concentration in the range of 100-600 nM and at the concentration no monovalent binding will form.
If there are defects in the NIP incorporation, for the 2 NIP structure we should see a mixture of no
and one antibody, for the 4 NIP structure we should see a mixture of zero, one and two antibodies,
and so forth. However, only single bands were observed, indicating that there are no significant
defects in the incorporation yield of NIP modified nanostructures. (n = 1)
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Supplementary Fig.16. Plotting of the NIP distance on the nanostructures against the derived binding
affinity of the human anti-NIP Abs with the variations in the distances included. (n = 3; dots represent

average value, vertical error bars represent standard deviation; horizontal error bars represent the
flexibility of the ssDNA linkers. For dots without vertical error bars n = 1)
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m15 ............................................................................................................................................. EPKSCDTPPPCPRCP
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(a)

WYY

(o) IgG3 m15

Supplementary Fig.17. a. Amino acid sequence alignment of human 1gG3 and hinge-engineered variants. The amino acid sequence of the hinge region of
the 1gG3 (b) allotype is shown and compared with the three hinge-engineered IgG3 variants, m15, HM4 and HM5.* The 1gG3 hinge is encoded by four exons
where the first exon codes for 17 amino acids while exons 2, 3 and 4 are identical and code for 15 amino acids each. Thus, IgG3 can be described as having a
17-15-15-15 hinge region. The m15 variant only contains one of the 15 amino acid encoding exons while HM5 lacks the whole 17-15-15-15 hinge region and
also lacks a disulfide bridge between their light and heavy chains due to a cysteine to serine mutation at amino acid position 131 of the constant domain 1
(C131S) (not shown). This allows the two light chains to form an inter-chain disulfide bridge through their C-terminal cysteine residues. HM5 is thus
“hingeless”. For HM4, the native genetic hinge is replaced with a short but potentially flexible synthetic segment encoding the amino acids Ala-Ala-Ala-Cys-
Ala. The cysteine residues of the hinge are highlighted in red. b. Schematic illustrations of the human IgG3, m15, HM4 and HM5.
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Supplementary Fig.18. Plotting of the NIP distance on the nanostructures against the binding
affinities derived from monomeric anti-NIP IgM (C575S) and pentameric IgM. ( n = 3; dots represent
average values; error bars represent standard deviation. For dots without error bars n = 1).
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Supplementary note 2. Continous Time Markov Chain (CTMC) Model
Deriving the units of the transition rates and SPR signal in the CTMC model

The CTMC model computes the probabilities of states connected by transition rates that have units
of sec™. The following is a derivation of the relationship between measurable physical quantities and
those of the model.

Consider a simple monovalently configured antigen pattern where each origami can be either empty
or occupied by a single, monovalently bound antibody. The system can be represented by the
following chemical formula

fa Eq1
[ABI[S-] __ [Sas]
koq

where [AB] represents the molar concentration of antibodies, [S_] is the molar concentration of
empty nanostructures, [Sag] is the molar concentration of bound antibody-structure complexes, and
ki and k_; are the forward and reverse rates respectively.

We can define a total structures quantity as the sum of all species concentrations that contain
structures, i.e. omitting free antibodies:

[Stor] = [S-] + [Sag] Eq 2

The above expression can be generalized for n states, where each state necessarily contains 1
structure.

[Stoe]l = [Sol + [S1] + -+ [Sn] Eq 3

The probability of each species containing a structure is the fraction of that species relative to the
total number of structures.

pe = [S;] Eq 4
N
Thus we have
[S_] Eq5
Ps_ =
[Stot]
and
[Sas] Eq 6

p =
4B [Storl
Together these satisfy the normalization condition that all probabilities should add to 1, representing
all structure-containing species, and excluding free antibodies.

[S_]1 = [Sag] Eq 7
[Stor] ~ [Stot]

and the generic form:

20



- [S] Eq8
1= 5

i=1
From the reaction equation, we can write differential equations for each species

d[AB] Eq9
ar —k1[AB][S_] + k_1[Sas]
d[S_] Eq 10
BT —kq[AB][S_] + k_1[Sag]
d[Sas] Eq 11
— = ka[AB][S_] — k_1[Sss]
Examining the last differential equation as an example, we can substitute concentrations for
probability multiplied by total structures:
d[Sss]l _d Eq 12
dt = a(psAB [Stot])
By the product rule:
d[SAB] dpSAB d[StOt] Eq 13

dt = dt [Stot] + pSAB dt

We make the simplifying assumption that the total concentration of bound structures does not
change throughout the duration of the experiment. Though this may not be strictly true, the loss of
bound structures due to denaturation and unbinding is low.

d[Stotl Eq 14
=0
dt
Substituting into Equation 13 dropping the second term and rearranging thus yields an expression for

the change in probability of a species :

dps,; 1 d[Syg] Eq 15

dt [Stoe]l dt

Substituting with equation 11 we have

APs,p 1 Eq 16
P (k1[AB][S-] - k—l[SAB])m

This rate is the same as the net rate of change for a given state in the CTMC model. We can

substitute the structure-containing species concentrations for their respective products of probability
with total structures.

AdDs 15 _ k1[ABlps_[Stot]l — k-1Ps,5[Stot] Eq 17

dt [Stot]
Yielding finally an expression of the rate of state change as a function of constituent probabilities

that we can utilize as part of the CTMC model.
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Aps .z Eq 18

dt = kl [AB]pS_ - k—lpSAB

In order to satisfy the above equation, the units of each term on the right hand side must agree with
that of the left T (i.e. sec™). The concentration of free antibodies, which has units of NV (i.e.
molarity M).

k, thus has units of M™"sec™’and k_; has units sec™.
At equilibrium, the following expression holds:
[AB][S-]ky = [Saplk—1 Eq 19

We can substitute the concentrations of structure-containing species with the product of their
probabilities and the total number of structures.

[AB]ps_[Stotlk1 = Ps 45 [Stor] k-1 Eq 20
[S¢ot] can be dropped from the equation yielding:
[AB]ps_k, = psABk—l Eq 21

The following dimensionless expression can thus be formed by rearranging the above equation, and
we can see that the units of k; and k_; satisfy the dimensionlessness of the left hand side:

Ps_ k_y Eq 22

pSAB [AB]kl
We can assemble analogous expressions governing the interconversion between monovalent and
bivalent states which do not depend on the concentration of free antibodies. An instance is

represented with the chemical equation

k2 Eq 23

[Sas] __ [Saps]

—
k_z

Where [S,5_p] represents the concentration of bivalently bound structure-antibody complexes.
For which we also have

[Stoe]l = [Sap] + [Sap-b] Eq 24
We finally arrive at a probabilistic transition rate expression:

Aps s Eq 25

k, and k_, both have units of sec’’.

Conversion of SPR response signal to model-compatible quantity.

Earlier we defined occupancy as the number of antibodies associated with a structure as a function
of state. A structure with four antigen sites and 1 bivalently bound antibody or a structure with one
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antigen site and a single monovalently bound antibody both have an occupancy of 1. A structure with
two antibodies bound, regardless of configuration has an occupancy of 2 etc. The average occupancy
of all structures is the expected value function of occupancy or the sum of the occupancy of all states
weighted by their probability distribution.

N Eq 26
0= Z pio;
=1

where N is the total number of structure states, p; is the probability of a particular state, and o; is the
occupancy or number of antibodies associated with that state.

We can express SPR signal as a product of a conversion constant and the amount of bound antibody
species represented by the average occupancy O multiplied by the total concentration of structures.

N Eq 27
R = Reony [Stot]O = Reonw [Stot] Z pi0;
i=1

Next we design a single calibration experiment for obtaining a conversion factor from SPR response
signal to occupancy. Since in a single antigen configuration, the only contributing state to occupancy
is Sap, i.e. 0 = pg,,0s,. and og, . = 1 the following holds true:

R = ReonylSasl Eq 28
and also

R = Reony Psyp [Stoc] Eq 29

For our calibration, with the single antigen configuration it is possible to perform a saturation step
where a high concentration of free antibodies and extended saturation time are used to ensure
maximum average occupancy —i.e. where every structure contains a monovalently bound antibody.
We can represent such a situation with the following expression:

[SAB]max_cal = [Stot]cal Eq 30

where [S;o¢]o is the total number of structures in this calibration experiment.

A probability expression analogous to Equation 4, can be written in the saturation condition:

Bl -
SABmax_cal [Stot]lcar

And conversely for probabilities to sum to 1, the following must be true:

=0 Eq 32

ps—max _cal -

where s ian is the probability of an empty structure at saturation.

—1a

The measurable SPR response signal during saturation of the single antigen configuration is
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Rmax_cal = Rconv [SAB]max _cal Eq 33

And since we can rewrite concentrations in terms of their state probability and the total number of

structures, we have
[SAB]max_cal = psABmax_cal [Stot]cal = [Stot]cal
Substituting, we can then solve for the conversion factor:

Rmax _cal Rmax_cal

Rconv -

[SAB]max_cal [Stot]cal
Applying the conversion factor to any measured SPR signal we can thus obtain the average
occupancy.

0= R — R [Stot]cal
Rconv [Stot] Rmax—lab [Stot]
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Where [S;,;] varies from experiment to experiment and must thus be obtained independently to
normalize each run relative to the number of structures.

Breadth-First Enumeration of States and Transitions

Modeling the kinetics of multivalent Ab binding begins with an enumeration of the possible states
where each state consists of the pattern of antigens and the specific arrangement of Ab bound to
the pattern.

We approximate a single nanostructure and containing g antigen sites as a set of points in 2
dimensional space.

X = {xg, X1, - Xg_1} Eq. 37

We are interested in knowing which pairs of antigen sites are eligible for bivalent binding by nature
of their proximity to each other.

The symmetric distance matrix D contains the Euclidian distances D;; for each pair of points in x. We
can treat the antigen sites as an undirected graph with adjacency matrix A of neighboring sites by
applying a critical distance criterion, i.e. the distance d. beyond which no significant bivalent binding
can occur because the sites are two far to be bridged by any antibody. An element 4;; has the value.

1 ifD;;<d
ij_{ Y ¢ Eq38

0 ifDy >d,

Our strategy to simulate the dynamics of antibody binding on complex antigen configurations is to
decompose the process of binding into elementary steps that comprise a setk = {k;,k_q,k,, k_,}
of elementary rate parameters corresponding respectively to monovalent binding, monovalent
unbinding, monovalent to bivalent conversion, and bivalent to monovalent conversion. This enables
us to simulate the process as a continuous time Markov chain (CTMC) with a limited number of
parameters that are generalizable to many different multivalent antigen configurations. To satisfy
the Markov property or memorylessness of a given state, we must have access to the complete set
of transitions from every possible state (i.e. thermodynamic microstate) to any existing adjacent
state. A given antigen configuration has a unique set of states S = {sg, Sy, ... Sp,_1} each of which
corresponds to a unique permutation of empty sites and Abs bound either monovalently or
bivalently to the antigen configuration (e.g. Supplementary Fig. 19). For the purposes of state recall
and monitoring of redundancy, each state is assigned a unique ID upon discovery from which its
exact arrangement can be reproduced.
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Supplementary Fig. 19. An example of the network of states and transitions for a simple 2-site
configuration. A. Gray boxes indicate unique states of the system that are connected by fundamental
processes governed by transition rates. Cyan-colored circles indicate empty sites, whereas pink
indicate sites with Abs bound. Edges connecting two sites indicate a bivalent connection to two
antigens whereas single pink dots indicate monovalently bound antibodies. B. The corresponding
transition matrix equivalent to the scheme in A where the vertical axis indicates the origin of a
transition and the horizontal axis indicates the destination. The colors of each cell indicate the rate
governing a particular transition.

The states are related to each other by transitions that we can represent as a sparse, directed graph
with an n X n transition matrix T which has transition rate elements.

(ki) ifAy =1
Ri,j = R(S,S ) = { 0 lfA”U: 0"’ Eq 39

where k(i,)) € {ky,k_1,k3,k_3} and R ;1 is the rate of leaving state s to go to state s’.
For example, the 2-site configuration in Suppl. Fig 17A has transition rate matrix.

0 ky ki 0 0
koy 0 0 ky kl\

R=|k_; 0 0 ky ki| Eq 40
0 k., ky 0 0
0 ky ki 0 0

Legal state transitions occur through site operations i.e. changes in the number of Abs and the
valence of their binding (mono or bi). Though many unique states and transitions can occur for a
given configuration, they occur through the limited number of elementary processes. For example in
the 2-site configuration represented in Supplementary Fig. 19, transitions Ry 1, Ry, Ry 4, and Ry 4
have the same rate k;.
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Supplementary Fig. 20. Visualization of the breadth first search as the network of states and
transitions is constructed through systematic neighbor-to-neighbor visitation of individual states
connected by transitions via the four fundamental processes. Edge labels indicate forward and
reverse rates governing a particular transition whereas nodes indicate specific states and node labels
indicate the number of bound antibodies in that state. (A-F) Consecutive steps of the BFS. (G) The
final network at the conclusion of the BFS with dashed-line boxes (i) and (ii) indicating peripheral
states with 0 and 3 (the maximum for this system) bound antibodies respectively.

We implemented a breadth-first search (BFS) algorithm for enumerating the states and transitions
for an arbitrary set of antigen points. The algorithm both discovers the existence of edges between
neighboring states as well as the type of process taking place and assigns the corresponding rate
(Supplementary Fig. 20). BFS works by creating a queue of neighboring nodes upon visiting a node
and the subsequently visiting each node in that queue, working recursively until all nodes with a
path to the start have been visited. In this case, each node corresponds to a state of the antigen-
antibody system, and a neighbor state is discovered through physical changes to the system, for
example by attempting to add an Ab monovalently to an empty site or converting an existing
bivalent Aby back to a monovalent state consisting of two sites, one empty the other a monovalent
complex. Exploring this state space is trivial and can be accomplished by a human for simple cases
such as the two site example in Supplementary Fig. 20. However for complex systems, the number
of possible states and connections between those states becomes large demanding more automated
enumeration. The resulting transition matrix is then be used to simulate the evolution of the system
starting from an initial condition.

Supplementary Fig. 21. shows visual representations of the transition matrix and the complete set
of visual representations of each state organized according to number of Abs (occupancy)
corresponding to each particular pattern among the various partial and complete hexameric
geometries examined in this study. We can see here how the more interconnected states have a
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much larger set of possible states. Two 2-site configurations have different separation distances, one
within the 21 nm range of possible bivalent connectivity (bivalent close Supplementary Fig. 2b) and
one where the two antigens are separated far enough from each other to prohibit bivalent
connectivity (Supplementary Fig. 21c) resulting the former having a greater number of possible
states and transitions 5 and 12 respectively versus 4 and 8 respectively. Similar comparisons can be
made with 3 site configurations such as the obtuse connected triangle (Supplementary Fig. 21d)
with 12 states and 44 transitions versus the separated equilateral triangular configuration
(Supplementary Fig. 21e) with only 8 states and 24 transitions. A final comparison can be made with
4-site configurations: connected trapezoidal (Supplementary Fig. 21f) with 29 states and 144
transitions and the partially separated rectangle (Supplementary Fig. 21g) with 25 states and 120
transitions.
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Supplementary Fig.21. Transition matrices and visualizations of states identified through the
breadth first search algorithm for each of the configurations for the antigen hexamer. Colors indicate
which of the 4 fundamental processes governs a particular transtion from state i (vertical axis) to
state j (horizontal axis). a. monovalent configuration b. bivalent (close) configuration c. bivalent (far)
configuration d. obtuse triangle configuration e. equilateral triangle (far) configuration f. trapezoid
configuration g. rectangle (far) configuration h. pentagon configuration i. hexagon configuration.

Due to the reversibility of each of the fundamental processes, topologically none of the networks
contain sinks or sources. Furthermore, the redundant use of fundamental processes leads to
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symmetries, for example monovalent binding to site 1 in a 2-site configuration is mirrored by
monovalent binding to site 2 in the 2-site configuration, creating a symmetrical branch to two
degenerate states. Topology alone gives us some indications as to the relationships between states
as well as an appreciation for the necessity of traversing certain states in order to reach others.
Visualizations of the networks for the various partial and complete hexameric configurations are
shown in Supplementary Fig. 22.

Even in complex systems such as the complete hexameric configuration exhibited striking visual
symmetry due to the degenerate nature of many different states, for example there are 24 ways to
arrange 1 monovalently bound Ab and 1 bivalently bound antibody in the hexameric configuration
that are all functionally and topologically isomorphic if there is equal spacing between vertices of the
hexagon.
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Supplementary Fig. 22. Visualizations of the networks of states and transitions for each of the
configurations of the antigen hexamer patterns. Edges are bidirectional, indicating both forward and
reverse processes eg. k; and k; or k, and k,. a. monovalent configuration b. bivalent (close)
configuration c. bivalent (far) configuration d. obtuse triangle configuration e. equilateral triangle
(far) configuration f. trapezoid configuration g. rectangle (far) configuration h. pentagon
configuration i. hexagon configuration.
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Solving the Markov Chain (Deterministically) from the completed state transition matrix

A fully mapped network of states and transitions enables us to reproduce the kinetics of binding by
simulating the traversal of a system through the network of states from an initial condition.

The probability vector 7(t) is the time dependent probability distribution of the state space.

[ ms, Eq 41
e,

7(t) = |

t
\T[Sn—l

A uniform distribution 7(t) for an instance of time would imply that at that instant, there is an equal
probability of a structure to occupy any of the possible states. Another example is the initial
condition at the start of an SPR experiment which is 1 for the state corresponding to an empty
structure and O for all other states.

7(t) can be computed via a generalization of the exponential distribution for a matrix of transition
rates, the infinitessimal generator matrix which is related to the transition rate matrix by.

R(s,s') s#s' Eq 42
Qij = Q(s,;s) =y Z R(s,s") otherwise’
S#*S/

The transient probabilities are then equal to the following matrix exponential.

i!

7(t) = 7(0) - et = 7(0) Z
i=0

which is valid and computable, although numerical instability has been reported for this case. The
solution is to use the method of uniformized discrete time markov chain, where the continuous
chain is approximated by a discrete one by renormalizing the matrix with respect to the fastest
outgoing rate.

q = max; {|Q(, D[} Eq 44
to form a uniformized transition matrix .
U+ % ka5

that can be used to compute the transient probability distribution of the next time step given a
current distribution. The process can be used to begin with an initial condition followed by a series
of probability estimates for each subsequent timestep after the initial condition.

The matrix exponential then becomes.
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7(t) = 7(0) - e = 7(0) - 91U = 7(0) - 9V . o=t = 77(0) "9t eV Eq 46

A Taylor series expansion of etV yields the following which is computed iteratively in approximation
of the infinite summation.

d i . e-at(gt)i Eq 47
n(t) =m(0)-e Z (qti(lj) - Z : qi'(qt) -7(0) - U )
i=0 ' i=0 '

Thus given a set of transitions, their rates which depend on the binding kinetics of the
antibody/antigen complex, and an initial condition, the complete binding and unbinding dynamics of
a population of patterned antigens in the presence of antibodies can be simulated.

Fitting and experimental calibration

Simulated SPR data with signal proportional to the amount of bound material (total occupancy) can
be produced by counting the number of Abs bound (occupancy) and summing this quantity for each
state weighted according to the probability of those states. The SPR signal is thus an expected value
function of occupancy for a given state probability distribution and a function of time given by.

N Eq 48
0 = ) o,
i=1

where O(t) is the total occupancy of the system at an instance in time, analogous to the SPR signal,
pi(t) is the probability of a particular state as a function of time, o; is the integer value of the
occupancy of state i which could be for example 2 Abs bound, and the N is the total number of
states possible for the pattern.

Since the state probability distribution is known for each time point of a run, the expected
distribution of bound material is also known. The values for the four rate parameters can be
estimated by minimizing the sum squared error between the simulated and experimental SPR data
where the experimental data is normalized to convert SPR signal to an ensemble measurement of
the number of Abs bound per structure. This conversion factor is determined empirically with a
saturation experiment involving a simple 1-site, monovalent binding scheme at high antibody
concentrations to produce the maximum signal achievable corresponding to 1 antibody per
structure.
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Supplementary Fig. 23. CTMC-model fits to the various partial configurations of antigen hexamer

patterns. The cyan line indicates physical data from SPR experiments and magenta indicates the

trajectory of the model occupancy curve. A single parameterization was determined for all

configurations, rather than best fit for individual configurations, thus the rates are the same across

conditions. a. monovalent configuration b. bivalent (close) configuration c. bivalent (far)

configuration d. obtuse triangle configuration e. equilateral triangle (far) configuration f. trapezoid

configuration g. rectangle (far) configuration h. pentagon configuration i. hexagon configuration.

Fitting and simulation was performed once after an iterative optimization process.
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Supplementary Fig. 24. CTMC-model stacked probability trajectories for every state of the various
configurations of the antigen hexamer patterns using the fitted rate parameters. Colors are used to
distinguish different states. State probabilities satisfy the normalization condition, summing to 1 at
every point. a. monovalent configuration b. bivalent (close) configuration c. bivalent (far)
configuration d. obtuse triangle configuration e. equilateral triangle (far) configuration f. trapezoid
configuration g. rectangle (far) configuration h. pentagon configuration i. hexagon configuration.

The probability distribution can also be represented as a trajectory, with colors used to distinguish
different states. This is shown for each of the hexameric configurations in Supplementary Fig. 24.
Note the steady elimination of the empty state (indicated in blue) which initially constitutes 100% of
the probability distribution but which quickly becomes replaced by states of varying occupancy. Note
to the acceleration of changes in state distribution due to the increasing concentrations injected at
each of the time points of the SPR series.
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Supplementary Fig. 25. Statcked probability trajectories with states aggregated into macrostates
according to their occupancy value. Thus all states with, for example, 2 Abs, regardless of their
position or monovalent/bivalent status are considered together and likewise for 0, 1, 3, etc Abs.
Color key indicates number of Abs per macrostate with 6 being the largest for the hexameric
patterns. a. monovalent configuration b. bivalent (close) configuration c. bivalent (far) configuration
d. obtuse triangle configuration e. equilateral triangle (far) configuration f. trapezoid configuration g.
rectangle (far) configuration h. pentagon configuration i. hexagon configuration.

It can be instructive to classify the different states according to their occupancy. Multiple states with
1 Ab bound for instance are considered together whether or not they are monovalently or bivalently
bound and regardless of their positioning in the pattern. Supplementary Fig. 25. shows stacked

probability trajectories for these aggregate macrostates.
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Supplementary Fig. 26. CTMC-model stacked probabilities weighted by occupancy. The probability
of each state weighted according to its occupancy equals its contribution to the SPR signal, and the
sum of all weighted probabilities reproduces the SPR curve. Colors distinguish the different states. a.
monovalent configuration b. bivalent (close) configuration c. bivalent (far) configuration d. obtuse
triangle configuration e. equilateral triangle (far) configuration f. trapezoid configuration g. rectangle
(far) configuration h. pentagon configuration i. hexagon configuration.

The probability distribution weighted according each state’s particular occupancy, described by Eq
48, is visualized as a stacked trajectory in Supplementary Fig. 26. Here we see that the stacking of
weighted probabilities reproduces the total occupancy at each instance in time, regenerating the
SPR curves that were fitted to the experimental data but with added stratification indicating the
contributions to this signal from each state. Note in this case, the absence of an empty state
contribution, as the occupancy is zero for this particular state, making its contribution to the total
occupancy zero as well.
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Supplementary Fig. 27. Stacked probabilities weighted by occupancy and aggregated according to
occupancy of each state to form macrostates. Colors distinguish the different macrostates with 6
antibodies being the largest for the hexameric configuration. a. monovalent configuration b. bivalent
(close) configuration c. bivalent (far) configuration d. obtuse triangle configuration e. equilateral
triangle (far) configuration f. trapezoid configuration g. rectangle (far) configuration h. pentagon
configuration i. hexagon configuration.

An occupancy-aggregated macrostate version of the weighted stacked probability trajectories is
shown in Supplementary Fig. 27. Here we can appreciate the dominance or lack thereof of certain
macrostates which are, in cases where bivalent binding is strongly favored, much less than the
maximum possible occupancy — for example in the case of the complete hexagon which is
dominated by an occupancy of 3 despite having a maximum possible occupancy of 6 Abs.

At the endpoint of these runs, the distribution of states is not uniform, and in fact certain states
dominate due to a combination of network topology and transition rate-dependent conduction of
flow through the network of states. Of particular interest is the steady state behavior of these
distributions, and we estimate this through simulation out to 10000 seconds for a given solution
phase Ab concentration and empty structure initial condition. The histogram of state probabilities
organized according to rank of each state for a low 0.025 nM concentration is shown in
Supplementary Fig. 28 and for a high 0.5 nM concentration in Supplementary Fig.27. The top
ranking states for the different conditions is instructive, and we can see that, for example in the case
of the pentameric configuration (Supplementary Fig. 28h and 29h) , different top-ranked states
emerge depending on the concentration. In contrast, the complete hexameric configuration
(Supplementary Fig. 28i and S29i) yields the same top 2 ranked states in both cases.
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Supplementary Fig. 28. Histograms of the state probability distributions according to rank. Horizontal axis indicates state rank with visual depiction of the
state. Distributions represent estimates of the steady state distribution after 10000 seconds equilibration in the presence of 0.025 nM concentration of
solution phase Abs. a. monovalent configuration b. bivalent (close) configuration c. bivalent (far) configuration d. obtuse triangle configuration e. equilateral
triangle (far) configuration f. trapezoid configuration g. rectangle (far) configuration h. pentagon configuration i. hexagon configuration.
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Supplementary Fig. 29. Histograms of the state probability distributions according to rank. Horizontal axis indicates state rank with visual depiction of the

state. Distributions represent estimates of the steady state distribution after 10000

seconds equilibration in the presence of 0.5 nM concentration of

solution phase Abs. a. monovalent configuration b. bivalent (close) configuration c. bivalent (far) configuration d. obtuse triangle configuration e. equilateral
triangle (far) configuration f. trapezoid configuration g. rectangle (far) configuration h. pentagon configuration i. hexagon configuration.
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Supplementary Note 3
Incorporation of rate dependence on distance and dealing with arbitrary separation distances.

We performed fitting experiments to bivalent configurations (2 antigens) for multiple separation
distances of the digoxygenin antigens with 1gG Ab as well as NIP antigens and IgG Abs. We make the
simplifying assumption that monovalent on-rate (k;), monovalent off-rate (k), and the bivalent to
monovalent conversion (k) are unaffected by separation distance and fixed these values to their
optima that had been determined in the hexameric fitting experiments. Two parameter fits were
performed with variable monovalent to bivalent conversion rate (k;) as well as variable
normalization constant (the conversion factor relating SPR signal to a number of Abs bound per
structure) and observed the distance dependence curve shown in Supplementary Fig. 30 a.

The distance dependence curve was used as a piecewise function to determine what percent of the
maximum k2 value should be used to govern the rates connecting states related by a monovalent to
bivalent conversion event. Depending on the distance between the separated antigens, the rate
should be less than or equal to the maximum value which corresponds to the ideal separation
distance. This region was experimentally confirmed to occupy a band between 6.8 and 17 nm, and
distances outside of this range exhibit quickly attenuating conversion rates. We could thus model
the dynamics of a complex set of arbitrarily positioned antigens shown in Supplementary Fig. 30 b-e.

This procedure was unnecessary for the hexameric configurations as all bivalent distances were
either an ideal 15 nm separation or outside the range that antibodies were experimentally observed
to reach. The analysis of the arbitrary configuration interestingly shows how concentration
dependent pattern preferences can emerge. We performed steady state analysis at multiple
concentrations and tracked the probability of specific states that changed relative to one another as
different concentrations were used (Supplementary Fig. 30 f).

A summary of the simulation data obtained for the arbitrary configuration at near-steady state
(10000 seconds) for low 0.025 nM and high 0.5 nM concentrations is shown in Supplementary Fig.
31. In the ranking of states by probability (Supplementary Fig. 26 a and f) we can see how states
with the same occupancy can be favored or unfavored according to their separation distances, with
states that include a bivalent connection between the upper-most pair of antigens being highly
unfavored.
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Supplementary Fig. 30. Summary of experimental calibration and implementation of distance dependence in the multivalent Ab binding model. A.
Experimental best-fit results of k, to produce a distance dependence function where each point is indicative of the k,value for a particular SPR experiment,
the horizontal axis indicating the separation distance of the antigens in that experiment, and the vertical axis indicating the fraction of the maximum
kovalue. B. The configuration for a set of arbitrarily chosen antigens whose edges span the complete range of too-close, just-right, and too-far regimes of
the distance dependence curve from A. C. Visualization of the network of states and transitions for the arbitrary configuration. D. The set of all states for
the arbitrary configuration with a threshold distance of less than 21 nm required to form a bivalent connection. E. Transition matrix for the arbitrary
configuration. F. Phase diagram of the estimated steady state probability of selected states (depicted visually) as a function of the solution phase antibody
concentration. Note that this model does not take into account possible steric hindrance effects between monovalently bound Abs that could occur at close
separation distances.



B
-3

o

)
)]
:
)

w
w

o
=

Oceupanty (ABStructure)
_EI-

=

10000

.
=

=
[y

occupancy [AB's/structure]
N

occupancy [AB's/structure]
L*]

=
.

state probability at steady state

o
o

0 5000 10000 0 5000 10000
t (sec) t (sec)
000]?14:67a'illrnI?])Ml;‘m\iIBlq}on???1?1?5?577?8?'33"11\?23'H»51617\&?‘310 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 B1 82 83 64 85 86 87 83 £9 90 91 92 93 94 95 96 97 98 N9
& St b o G i i A ek B e S o g Aot G G o e Sepl Rt e S U A Sl it ol M S T B el i it L A oo Kl g ol gt e Wi g okl T
1.0
4 4

o
o
—h

=2]

@ o —_—
a Q
b
o e =
ket 2 2 sl
(W) B
g 53 93 B |
i = g = Z
1 5 b g
% 0.6 W 2 : 3
b <
= E 2 @5 H
z = < H
= > 5000
S04 o oy Uisec) Lo
0. = =
a T Il
2 = al
a ) 3
2 O S
w©0.2 ° o
il s |
v % 5000 10000 0
0 5000 10000
t (sec) t (sec)
B'o 01 2 3 4 5 & 7 8 9 101112131415 1617 18 19 2021 22 23 24 25 26 27 28 2% 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 S8 5‘3 60 61 62 63 64 65 66 67 68 &9 IU 71 72 73 74 75 76 7T 78 79 80 81 B2 83 84 85 B6 87 88 89 90 91 92 93 94 95 96 97 98 99
L e Ul 3 Tl Tl Rt e Rl S Ll it I Gl el G B el EoM L DR AL i e R B A o Bk, i gt Gt G R o - G Gt Bt R Tl Bl ) ol G i b Rl e L R e . " A Rl Ve gth, Nt oot B il Bl (e g R

Supplementary Fig. 31. Summary of steady state analysis results for the arbitrary configuration at low 0.025 nM solution phase antibody concentration
(top) and high 0.5 nM concentration (bottom). A,F Histograms of ranked state probabilities. B, G Stacked weighted probability trajectories. C, H Stacked
unweighted probability trajectories. D, | Stacked weighted occupancy macro state trajectories. E, J Stacked unweighted occupancy macro state trajectories.
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Supplementary Note 4: Rationalization of our choice of antigen—antibody pairs.

Human anti-NIP IgGs: Most medically relevant antibodies to study, but they cannot be reliably
applied to study complex binding patterns in Fig. 4 since their monovalent binding affinity to NIP is
weak and reaches steady state rapidly.®? This means that kinetic information cannot be extracted
from binding curves.

Rabbit anti-DIG IgGs: Less medically relevant but its monovalent binding to DIG still exhibits

exponential binding behavior, therefore, kinetic information can be extracted from the binding
curves®?, allowing us to calibrate our markov chain model.

44



Supplementary Table 1 - Staple Sequences
Brick structure staples

Edgel AAAAGCCAACAGACAGCAAATGAAAA Core76 AACCAGTAAACTGCGTGTTGAGCGACCAGGAGAACCTCAGGC

Edge2 AAAAGGCGCAGACAGAAACACCAAAA Core77 TATTTATCTTTAGGTATCAGATGAAGACAAATCCCCATTCTG

Edge3 AAAATTTGACCATGGTTGTACCAAAA Core78 CAATGTGTTCCATGAAGGTTTGAGTCTGAGCAAAAACATTGC

Edged AAAAAAAAAACATTACAAAGGCTAAAA Core79 GAGATGGGATTCATCAGTTGATACATAACGCCAARAGCGTCC

Edges AAAATGTAAATGCCAGTATAAAAAAA Core80 TAGTTAACACCGGAATCATAATAATTTAGGCAGAGTAAACAA

Edges AAAAAGAACGAGTGAATACCACAAAA Cores1. CTAAATTAAGGCGTTAAATAACGAGCCAGTAATAAATTCTGT

Edge? AAAATTTGCCCGAAATAAAGAAAAAA Cores2 ATTACCGAATACCTACATTTTTTTAATGCGCGAACCGAACGA

Edges AAAACATTTTTTACCGCTTCTGAAAA Cores3 TCATTACTTCTGCGGCAGT GTATTGGAGCAGC

Edge9 AAAAATTCAACTAGTCATAAATAAAA Coregd. GGGTTGGGCACTGGTGACCTGGGAAAGCAACGAAGACAGCAA

Edge10 AAAAATTGCGTAGTTTGAATTAAAAA Coregs GCCAGAGACGACATAGATTGGACAAATACGAGAAACATAACA

Edgell AAAAAAAAAATCTAATTAAATCCAAAA Core8é TTACCCATACCTTATGCGATTTAATAAAACGAACTACTATCA

Edge12 GATTTAGAGTAAATCCTGACGGGTCAATTACTTAGCCGGAACGAAAAA Cores7 TGTGTGAGGAGATGATAAATGTAAACCCAATATTATGACTGA

Edge13 AAAACAGCATCAGAAATAGAAGATCAGTAAACAGAGAGGTTCAAAA Coress. TTTTAACATATATGACAAAATTGAATATTATCAAATGAGTAA

Edgeld AAAATCCAACAGGTAGATTTAGAAAA Coregg GATTAAGTCCTTGAAGAGGCGTGAATACCAAGTTACAATCAA

Edge15 AAAAGAAGTGAGCGAAATTAACTGAGGATATTGCGAAAA Core90 GGCATTCTGGGTTCAGGATGCAGACTCCTGTTATCAGACG!

Edge16 AAAATAACGTCAAAAATGAAAATGCGCTAAAGCCCAAGAAACCG Core91 CTGTCGTACATTAATTGCGTTATTCGTAATCATGGGAGTCAC

Edge17 AAAACAGCAAGCGGTCCACGCTGGGACTCCAACGTCAAAGGGAAAA Core92 TTTTTTCCAACTAAAGGAATTTACCGTAACACTGAGCCCAAT

Edge18 GTTAGCGCAGAACCGCCACCCTATAAGTATAGCCCAAACAGT Core93 CCTACCAACAGTAACAGTACCCAAACATCAAGAAATGAGTGA

Edge19 AAAACGCCGCTACAGGGCGCCCCGCCGCGCTTAAGGTAARA Core94 CATTTCAATTTTCCCTTAGAAACGCTGAGAAGAGTTTCTGAC

Edge20 AAAAGCCAACGCTAGAAAAATAAAAA Core9s AGCTGAATCTGTAGTGTCAGAAGGAGAGTGAGATCTATTACG

Edge21 AAAAGAGGGAAGGTAAATATATTCAACCGATTGAGGAAAA Core96 TTTTGTTTTGCCTGGAGATCTATGACCCCTAAATCTAGATAC

Edge22 AAAAACCAGAACCACCACCACACCCTCAGAGCCGCCAAAA Core97 TGCTGAGAATGGAAAGCGCAGAATCCTCATTAAAGAATCAAA

Edge23 GAGCCAGGATAGAATAAAAGGCTTTGATCAAATTAACCGTTGTAAAAA Core98 CCAT, AAC) AAC

Edge24 AAAAAGGAGGTTTAGTACCGGTGTATCACCGTACTCAAAA Core99 ATCAGCTTTTCTGTATGGGATCCTCATA

Edge25 AAAATTTCCAGACGTTAGTACTAAAGTTTTGTCGTCAAAA Core100 AAAGAGGGTAACAAAGCTGCTTCAACTT

Edge26 AAAAACAGCTTGATACCGATGAGGTGAATTTCTTAAAAAA Core101 GCCATTAAAAATACTGATAGCTCATGGA

Edge27 AAAAATCAGTAGCGACAGAACGATAGCAGCACCGTAAAAA Core102 ATTAAATGGAACGCCATCAAAACTCCAGCCAGCTTAAAGCGC

Edge28 AAAAACGGAATACCCAAAAGAGGAAACGCAATAATAAAAA Core103 ATAAAGCCAATAACACAGTTGAATTGCTAATTCGACAGTTCAACTGGAT

Edge29 AAAACACAAGAATTGAGTTATATCAGAGAGATAACCAAAA Core104 ATTAGCATATCACCGTCACCGAAAATTCATATGGTGCAGTAT

Edge30 AAAAATATCCCATGTATTCTAAGAAAAAAA Core105 TTATTAGGAACCAGACAAATATCTCTGATTAAGAG
Edge31 AAAAGTGCCGGAAACATCATTGATTAAAAA Core106 AGGTCAAGCATCAATGATGACTGCTGATGTGCAGAGTATAGACAAAATT
Edge32 TTCATGAGGAAGTTTCAAAAAAAAAACATTARACG Core107 CATGAC TCAACCTAAAC GCGGTTTTG

Edge33 AAAAACTTGCCCTCTCTGGATCCCCGGGAARA Core108 AACTGGCGGGCGACTGACGGAAAACCATTCAAGTTGAGCCACGAGCCGC
Edge3s AAAACGCGAGGCGTTTCGATTTTTTGTTAAAA Core109 CTTTTGCGTAGCTATTTTTGAAGAGTCTGGAGCAAAATTCGC

Edge3s AAAAATCTTACTGTTTTCCATGCAGACAAAAA Core110 AGAAAAATCTACGTTTAAGAACTGGCTCATTATACCAGTCGATTTCAAG

Edge3s AAAACGCTTTCCAGTCCTGAGAGAGTTGAAAA Core111 AACTGTTTGCGTATCGCCGCCTGAACCAGTTGTCGGACTTGTGGCAATG
Edge3? AAAATCACGAAGGTGTGGTGGAAACGATAAAA Core112 AATCAAAACCAGCAATACATCCAGAGCAGCAAGTTAAAAATGTAACCAA

Edge3s AAAATACCGAGCTCGAGCGCTCACTGCCAAAA Core113 AGATGATCACTTCCTCATAGCCTAACTCGCCAGCTATTGCCCCCAGCAG
Edge39 AAAAGCATATGATGTCGGGTTGAGTATTAAAA Core114 CATTCGCGGGATTACGCAACACAGCAATGCCAGGAGGATCTGACTGCGT
Edged0 AAAACTAACAGTAGGGTTCTTGTTGTTCAAAA Corel1s GTGCGGGTATTATTATATCTGCCACT CTGGTCATTTGAC
Edged1 AAAAGCCATCCTGGGAAGGTGAGTATCTAAAA Core116 ACAGATGTCGCCTGATAAATTTAAAGGGGGAACAATCCTGTTACGGGCA
Edged2 ATTAAAGGCGAGAAAGGAAGGCCAGCGAGCGGGAT Core117 GAACTTAATTACAGATGAAAGATGGCAGACCAGGCTCCGGCAACCAATA
Edged3 AAAAGCCTTGAGTAACAGTGTTTTAACGGGGTCAGTAAAA Core118 ATTACCTAACGGATTTGGATTGGAGCGGAGAGCCGCAACAGTGCAGAAG
Edgeds AAAAATCAGGTCAAAATCAGCTAAAA Core119 GACCTGCTAAAGCAAGAACGTGTTTGCCTTCACCGCCTGGCCGGGAAAC
Edgeds AAAAATTCATTGAGAAGCAAACAAAA Core120 AGCAAGACAGAGGGTAATTGAAGCAGCCATCCAAATAAGAAATAGCGAA
Edgeds AAAACGAAAAACCGTCTATCACGTCCATGTCATAAGG Core121 CTAAAACAGCGGTCGCACGTACACC TACATTG
Edged7 AAAACCTTTTTTAATAACTATAAAAAA Core122 TAGTAATAACATCACACACGACCAGTAACCCTTCTGACCTGACAGTGCC
Edgeds AAAAGCAATACTTGACATTCTGAAAAA Core123 GCGAAAAGAGTCCACTATTAACTAAATCGGAACCCGTGTCGAAACTTTG

Corel AGTTGCTGTAGGAATCATTACCTTTCCTAGCTAAT Core124 CCTATCTCGGATGGATCGAACAAGACCGACCGTGTGATAAATTAATGGT

Core2 GAATCGATCCGATAGATGAACTTGTTGTCCAGTGC Core125 GTCTGTCGGTTGCTTTGACGAACGCTGCGCGTAACACGAAGGCACCAAC

Core3 GGAGATTAGCTTGAGGTTGAGAAATCGGGTTTTTC Core126 CTCAGCACTCATCTTTGACCCGAAGAAATAAACAGGTACGCCGAACAAT

Cored CGGGAGCGCGAAAGGAGCGGGTAARACAGCGAAAG Core127 TTTTCACCGCGGGGAGAGGCGGTTTGCGTATTGGAAAAACGCCCTAARA

Cores AGAGAATACAAAGTAACAATGGCCGAACTTATTAC Core128 GCACGTAGGTTTAACGTCAGATAATTACATTTAACCAGTACATAAATCACTCCGGC
Core CGCCAGCACGACGGGAGTGTGGCTTACCAACGCTA Core129 ACCCTCAGGGAAGGACGACAGCTGTAGCTAAATTGAATCGTA

Core? GAAGCGGAAACGCCGCTTGAATCCGTGAAAGCACT Core130 CTTTCCTGCGCTGG CGCATAACC
Cores GATTTAGTGTATCAAACGGTGTACAGACATATTCA Core131 GATGAAGTCCGGTGTCTTGTCCTTTACATAAACATCGTACTCAAACATCTGACGCT
Core9 CAAGCTTCCTCTTCATCTGCCATTAAATGTGAGCG Core132 AAGGAGTTTATAAATGAGTAAATCGCGCAAACATAGCGAATTTCGCGTCGTCTTCA
Core10 AGCATTAACATCCAATAAATCAAAAGGTGGCATCA Core133 GGGTTATATGGAAAAATTTCAATTTTCAAAACAGAACGTTATAACTCGTAAGCATC
Corell CCTTATAAATCAATTTTAGACAGGAACGGAGGCCG Core134 TGAGTTAATAAGTCTAATGATGGCAATTCATCAATTCCTGATAGCACTAGAAGGTT
Core12 ACGAGCGTCTTTCCACCCAGCTACAATTCAAGCCG Core135 TGCTTTCAGTTGCGAGACTTTTACGTAATGCCACTCACCACAGTACTATCATCACG
Core13 TTTTAAATATGCAAGAGCTTAAAGATTATTTACCC Core136 ACAACGCGTTTCAGAAGGCTCCAAAAGGAGCCTTTAACAACTTTCAACACTGTAGC
Coreld. TTTGCTAAATTGTAAACCATCTACAGAGGCTTTGA Core137 GATATATCGGAACGGCAAAAGAATACACCGCTAGGCGTTAGATGTTTTTCGGCCTT
Core1s. GAACCGATGAATAAGGCTTGCTGGGCTT Core138 TTTTTATCGGGTATACGACAAGCATTTTGAATAAATTTCATCCAATAGTTTAATTA
Core16 TAATCATCAACATTATTACAGACGAGGC Core139 ACGCTGAACCTTGCTGAACCTACAAACAATTCGACTAATTTTAAAAGTTATTATTT
Core17 CAAAAAACGGAGTGAGAATAGCACCAGT Core140 CATTAAACGCCAAAGACAAAAATGATTAAGACTCCAAAGTTACCAGAAGTAATAAG
Core18 GAAAGTAATTTACCGTTCCAGCTTGATA Core141 AATACTGTCAAATGCTTTAAAGCTTCAAAGCGAACTAGAGAGTACCTTTATTCCCA
Core19 T CGGCAAAC) T Core142 CATGTCATATAAGCAAATATTCAGCTTTCATCAACAGTTTGAGGGGACGGCGATCG
Core20 TAAGCGTTTATTCTGGCGGATCCACCAC Core143 CTTAAATAAAATAAAAACAGGGAAGCGCATTAGGGAATTTGCCAGTTACCAAGATT
Core21 CCCTGCCGGGTTGATCAGAACAGACAGC Core144 CTGTTTAATATTTAACAACGCGCAGAACGCGCCTGCAATAATCGGCTGTCGCGCCE
Core22 ACAGCATTCGGTCGCTGAGGCTTGCAGG Core14s CGAGCTGATACAGGCAAGGCATAAAAATTTTTAGATGATATTCAACCGTARACTAG
Core23 AGTAATCTTGACAAGAACCGGCAGGCGCGTACAAC Corel4s CAGTTCACATTCAGAGATCGCAATAATTTTGTTAAACAAGAGGGAGAGGGGGAGAA
Core24. CGTCACCGAGTTAAAGGCCGCATAATAA Core147 CCTCCCGAGAAGGCTTATCCGCCTAATTCTGAACACAACAGTTTCTTACTGATGCA
Core25. ATCACCGCGTTTGCCATCTTTTCGTAGT Core148 CAACATGTTACTAGTTTCAAACATAGGTTGCTTCTGATGAAA

Core26 ACCCTCATGCCTTTAGCGTCAAAACGTCACCAATGAATTATT Core149 GTTAGCAAAAGTAAGCAGATAAAATAGCAATAGCTACTGAAC

Core27 GGTTGATGCCCCAAAAACAGGAAGATTGATCATATGTACCCC Core150 GCGTTTTCCTTTTGATAAGAGTTTCATTCCATATACTGTTTAGCTATATAGCAAAATTAAGCAGCCTTTA
Core28 ACCACGGCAACATATAAAAGAAAGAAAAAATCACGCARAGAC Core151 TAATAAGCCCGTATGGAATAGCCACCCTTAACGATAATGAAT

Core29 GGTTCCGTGTTGTTCCAGTTTAGCCCCC Core152 GTCGAGATATTTCGGAACCTACATACATGGCTTTTGAGGCAG

Core30 TAATGCCCAGGAGTGTACTGGCGCCAGCATTGACAAACCGCC Core153 ATTCTGCATTTCGCAAATGGTCTCAGAGCATAAAGTGTAATA

Core31 GTCACAAAAAATACATACATAGGCGGATTGCCCTTTTTAAGA Core154 CGGATTGCATCAAAATTGCTGAATATAA

Core32 ATTCCACCGCCACCCTCAGAGAAGTGCC Core155 AGGAACCAAGGATTAGGATTAGCTGAGACTCCTCAAGCAAAG

Core33 GGACTAACCGACAATGACAACTCGGTTT Core156 TCTAGCTGCAAGGAAAGAATTTTTCATTCTGGAAGGTCATTTAGACTTC

Core34. GTTGGTGTAGATGGGCGACCCGTCGGATTCT Core157 GTCAGACCCTCAGAGCCGCCAGCGCGTTTTCATCGCATTACC

Core3s. Gt CAAGTTTCGT, GTT Core158 TTTTACATGGAAGGGGAACAAATTTGAGATATCTGAGGCGGT

Core36 AGACAATGATTATTAAACTATATAATCAGTGAGGCTAACGTG Biacore staple1 CGAATAATCAGTCACCGAACAGCTGGCATTAATGAATCGGCCTAATGAGTGAGTGTTTCC

Cored? ATTAGTCGACGCTCATATCCAAGAATCCTGAGAAGATCAGAG Biacore staple2 CGAATAATCAGTCACCGAATAACCTCTGAGAGACTACCTACGCGAGAAAACTTAAAAGC

Core3s CGTAATGATTAAGTTGACGGGAGAATTAATCTTACCGAAGAC o AATAATC TGTGTTTTCCATGAAT \CARGTTATCCT

Core39 AATTGAGACAATAGATAAGTCTACGAGC Biacore stapled CGAATAATCAGTCACCGAACCAGAAATACTTCTGAATAATCGGGAGAAACAATGAGCAAA

Cored0 TGTGCTGTCCCAGTCACGACGTTGTAAATGGCGAAAGGGGGA o AATAATC TTATCAATGTTACCGTTT

Corea1 ATTCTACTAATAATCCTAGCTCAACATG o AATAATC

Corea2 GAATTCAAAAGGGTGAGAAAGGCCGGAGAATGCCTGAGTAAT Biacore staple? CGAATAATCAGTCACCGAATGTAGACAGATATACTTGCGTATCCCATTTACAG

Cored3 TAATATTCGCGTCTGGCCTTCTATCGGCCTC, C o AATAATC TCGTCTGAAATGATTTTTGAATGGCTATAAAAC

Coredd. TAAATGCACAGTCAAATCACCATCAATAACCCTCATATATTT DIG_1 DIG_ TTTAGGAAAAC

Coreds. AACGTAGTCAATAGACTTGAGCCATTTGGGAATTATTATTTT DIG_2 DIG_AAACAAACTCCTCATTTTCAGGGTTTGCTCAGTACCAGAAACAT

Cored6 CACGAGCCGGAAGCATAAAGTGTAAAGCATCCGCT DI6_3 DIG_A TCATTTTATACCAAGCGCGGAY

Cored? CCAGCCATTGCAACAGGGCGCCAGGGTGCAAAATC DIG_4 DIG_AAATCACCAGTAGCACGCATTTTCCGCCTCGATTGGE

Coreds AGGGTTTCAAGGCGGGATAGGAACAAACAAGGTGGAATAAGT IG5, DIG_AAAGTAACACATCGTAACCGTGCGCTATTA

Cored9 TGACTATTATAGTCAGAAGAGCAAAATAGCGAGAGGCTTTTG DIG_6 DIG_AATTTCAACGATAAATTAATGCCAATCGATGAACGGTTAAACGT

Cores0 ATCTAAAATTATCTGAACTCGCCACACAACATATC

Cores1 AGGAATTGTAGAAATTTAATTCATTCAGACTGACCAATCCGC

Cores2 GAACGAGTCAGGATCAGACCGATCCCCCCGGAATCATGCAGA

Cores3 AGACTTTCAAATATCCTGC/ CAGTCTTGCCTTAAAAGA

Coresd. TTACCAGGGTGAATAGGCCGGGACTGTACCCTCAGGGAGGTTGATGATA

Coress. CAAAAGACGTTTACCAGACGACGATAAAAACCATGGCAGGACGTTGGGA

Cores6 ACCCTGAAACATAAACAGCCATATTATTGGAGGTTTTGAAGCAATAGCA

Cores? CATGTTCTATCATTCCAAGAATTTCATCATTTTGCAGAGCCTTAACGCC

Cores8 CCAGACGTAAACCAAGTACCGCACTCAATAAAGTAGAGAATATAAAGTA

Cores9 TGGATGAACGGACTGGGGGTTCAGGCCAGGCTCGCATTC

Core60 AGCAAATAACCAATTTTATCAAATCGCCGTATCATACAAAGA

Core61 AGAAGATGTAAATCGTCGCTAGAATTTATCAAAATTATATTT

Core62 GCAGACCCTGGAACTTACGAAGGTGTGACAAAAGGCACCATC

Core63 TTGAAATACCCGTTAGTAACTTGTGAAAATGCTGATAGCTTA

Core6d. CACAATTCTACGGCGGGTTTTATCCTCGCACTCGCGGGGATT

Core65. TAACCCTAGTTTTGCCAGAGGTCAAAAATCAGGTCAGAGGAA

Core66 ACCACCATGAAAGGAATTGAGACAACTAATAGATTAATTATC

Core67 AGAGGTGGTCAGTTGGCAAATTCAATAGATAATACAGAAACC

Core68 AGGAGAATGTACAAAACATATATTATCACGAGTACTTATGTA

Core69 GTTTTATAATTGTTCTGGGGTGCCAAC!

Core70 ATCATATATAATCCTGATTGTTCGCCTGATTGCTTAATTATT

Core71 TCAATCAGATTTAGAAGTATTCATTATCATTTTGCGTTAGAA

Core72 GCAGATTAGAATACGTGGCACCAGTATTAACACCGCAAACCC

Core73 TTAGGTTAATCCAATCGCAAGATGCGTTATACAAAAGGGCTT

Core74. GCCCGAATTGCGGATGGCTTACTAAAGTACGGTGTTGGGGCG

Core7s. TTCACAAAGCCACCACCGGAACGGTCATAGCCCCCCAGCAAA



18 Helix Bundle Staples

119_5_prime_no_sie
2:19_5_prime_no_si
3195 prime_no_site
419.5_prime_no_site
519.5_prime_no_sie

6195 prime_no_si
719.5_prime_no_sie
819.5_prime_no_site
121_5_prime_no_sie

2:21_5_prime_no_si

prime_no,_site

prime_no_site

Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
Acaps
0-19_3_prime_nosite
1193 _prime_nosite
2-19_3_prime_nosite
3193 prime_nosite
419.3_prime_nosite
5193 prime_nosite
6-19_3_prime_nosite

prime_nosite
3_prime._nosite
s prime_nosie
prime_nosite
prime_nosite
_3_prime_nosite
:_prime_nosie
521_3_prime_nosite
621
721

_prime_nosite
3_prime_nosite

3_prime_nosite

prime_nosite

}_3_prime_nosite

$ 3_prime_nosite

3_prime_nosite

. 3_prime._nosite
623
723
823
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
inner_edges
core

_prime_nosite
3_prime_nosite

3_prime_nosite

core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core
core

ATGCGCAAGAGTCTGGAGCAATAATGCC core
GGAGAAGAAACTAGCATGTCAAATCACC core
GTCACGAAAAGCCCCAAMAACTAGGTAA core
TGCTGCATTGTAAACGTTAATTAGAACC core
GCGGGCCGTTAAATCAGCTCATTGCGGE core
TTCGCCAAATAATTCGCGTCTCTARATC core
TTGCGGCATTAAATGTGAGCGAAGAATT core
GACGACAAACAAACGGCGGATTAGTAGT core
GGAGAGGAAAAAGATTAAGAGTAAATCA core
ATCAATATTTAATTCGAGCTTCCCCTCA core
AGATTCACAACAGGTCAGGATAGCGTCC core
CTCATATATAAGAGGTCATTTAGTTTTG core
AGAAGCCAATATAATGCTGTAACGACGA core
GGTTGTAAGTACGGTGTCTGGAGGCATA core
AGCAAAACCAATTCTGCGAACACATTCA core
AGCATTAATTTCGCAAATGGTATTACAG core
AARATCATGCTCCAAAGCGCGAAACAAACGCCACC core
AATGCTTCATAAGGAATACACTAARACATTTCAGG core
AATACTGAACGGTGTGCCACTACGAAGGACTGAGT core
CCAGAGGAAGAGTATTTTTCATGAGGAATCCACAG core
TAAAAACAACGTAAACGAGGGTAGCAACTGTCGTC core
GTAAGAGACGAGAATTTGCGGGATCGTCATTTTGE core
ACTAATGTTTAATTATATATTCGGTCGCAGAAAGG core
GTAGAAATTAAGAAGTTGCGCCGACAATCGTTGAA core
AARACCGCCAGCCATTGCAACAG core
AAAATGCGCCGCTACAGGGCCACCCGCCGCGCTTAAAAAA core
ATTATTTACATTGGCAGATAAAA core
AARATGGGCGCATC core
AAAAAGGTTGAGGCAGGTCACGCCAGCATTGACAGGAAAA core
Core

TTGAGT core
AAAAAGCCGGCGAACGTGGCAGAGCTTGAC core
AAAATGGCACAGACAATATTTTTGAAT core
AAAAACCAGCAGAAGATAAAACA core
AATATCCAGAACAATATTAAAAA core
TAAAAATAC core
AARAGCAATACTTCTTTGATTAG core
T core
AAAAAGCTTGCTTTCGAGGTATTGTATCGGTTTATCAARA Core
AARATCACCAGTCACACTGAAAGCGTAAGAATACGAAAA core
ACGCAAATTAACCGTTGTAAAAA core
ATTGCCTTTAGAATTTCGACGTTGGGAAGAAARATCARRA Core
AAAACAGGAACGGTACGCCATTAAAGGGATTTTAGAAAAA core

TC) core

AAAATACGTTAATAAATTTCATTTGGGGAAAA core
AAAAAAGCCTGGGGTGTCARRA core
AAAACGCGAGCTGAAACGTTGGTGTAGARAAA core
AGTATTAGGCGAAAAACCGTCACCCAAAGGAGCCC core
AGCAAATACAAGAGTCCACTACCTTATGAGTGTCC core
TATCAAAAAGAATAGCCCGAGATTTACGGGATGTT core
AGTTGAATTGATGGTGGTTCCGGCCCTGARACGAC core
AGCACTAAAGCGGTCCACGCTAGGGGCCTAAGTTG core
ATTTGAGAGCTGATTGCCCTTTCCGAACTATTACG core
AACTCGTGGCGCCAGGGTGGTCTTAAGCTGOGCAA core
AGTTTGAAATGAATCGGCCAATCCCCGGCTGRTGE core
AGAAGGATGCCCGCTTTCCAGGTTTCCTCCTCAGG core
CCGATTTGAGAAAGGAAGGGAGCGCGTA core
TTAGTGCAGGCTATCAGGTCATTTTTGA core
CTTCTAAMATCGATGAACGGTCAACCGT core
GGCCAGTGTACCCCGGTTGATGAGAAAG core
GGTAACGTTGTATAAGCAAATATGCAAT core
CCAGCTGTAAAATTCGCATTACAACGCA core
CTGTTGGACCAATAGGAACGCCATTATG core
CGGAACCTGTAGCCAGCTTTATARAGE core
AAGATCGACCCGTCGGATTCTATARATC core
GAGATCTAGAAGCAAAGCGGAACCCTGA core
TCTAGCTGAAAGACTTCAARTTTCAGAA core
GCCGGAGAACCAGACCGGAAGGTCATAA core
GCCTGAGTACCTTTAATTGCTAGTAAAA core

AGGATAATGGCTTAGAGCTTAGCGAGAG
ACCCTGTATGTTTTAAATATGATCATAA
CTCAGAGATTCCATATAACAGATAACGC
ATACAGGTTTAGTTTGACCATCAGTTGA

2548, Binsites1
2.8 _Biasites2
£5_HB._Biasites3
258 _Binsitesa
2548, Blnsitess
2518 _Blasitess
£5.02 Antigen

AGTGAGCCATACGAAACCGTGCATCTGCAATGGGA
AAGACACCGCCTAACTGGCGCGGTAAGCCAACAGAGAT

TCAATTAAAGACGCTGAGTGTGAGTGAATAACCTTGCTTCTG A5_E2_Antigen
GGTTAATAACGTCCATCGAGAAGTGTTTTTAGGGAGCTCTTT £5_F2_Antigen
£5_D3_Antigen

GAAATTAAATCAGATCATTACCGCGCCCAAATCGTCGCTATTAATT A5_04_Antigen

™ T 25.Fs._ntigen
TTAGTCTTT) £5.04_2bpRout_Antigen
GeeTT £5_FS_2bpRout_Antigen
TAC AGAGCCGCGAC
CAGTGC TG
TTCTGTT
GTGCTTT T

GACTCACGCTAGAAAGCCCTAMAGTCAAGTTTTTTGGGGTCA
CTATTATATTGTGTGGAGATTTGTATCATAGTACC

T T
GCCACCCCACCGTACTCAGGATTAAAGGTGAATTAATTGACG
TCAGAGCTAATCAGTGAGGGCCTGATAAAGTCCTCGTTAGAA

CGGTTATTAATTGCGTAGATTTTCAGGTTTACCTTTGE
TTGATTAAATACGTCAGTAAATTTTAAA
CACGCGGAATATAATGGAGCCTGTGCCA
GCCTCAATAGGATTGCTTTGAATACCAAGTTATAGATT

TCATGATT.
GTGAGGAAGACCAGGGTGTGGGCACGAATATGGTT

TTTGTTTGGATTATACT

TITATTTTGTGCGAAAGACATAAATCATTTCCACE

TTATTCATTTCAAT
AATACAAGAGGTGGTTGCCCGCTTCTAATCTATAG
CTTTTTTTTAGAAGGGCATGAGTARACAGGGTTTT
TGTAGGAATTGCAAAAGCTTTTTATAGA
AACGATTTAGGAAACAAAAACTTTAGCT
AAGGGCCTTCCAGGCAAATARAGACGGAGGACGCG
TCGGTTGGCAAACATCAAGAARACAARATTATCAATAT
TCAATCATATGCCAAGCGATACCGACAGTGCGAAA
GCAAGTAACACACTCCATCATGGTCATAGCTTCGG
GAACCCTCAAATTACATGTCAATAAGAA
GGTTGCTGAATGAATTACCTTTTTTAATGGACTAAAGE
TAATGACCGTCAGTTTGACAATTCCACACAATAAC
GGAGAAAAATAACAGTACTTGAAACAAG

TTGAATT)

AATCTCCATAAATCCTCATTACACCACE
ATCGTAGCTATTGCCTGCGACTTAACAATGTCCCGCCAGTTT
CGTTGATATTAATCGTACCAGGGTCTCGCCCTGGAGTGAAAT

TTGATTTTAAATTTAAAGGCGATTTGAATCGGCTGACTTGE

TGTTTATTT
TAACCAAAAACATCAAATTCAGGCTACGTGGTGCTTGTCGTA
et
TACACATCCACCGTGGGGTATCGGGTGTGAATTGTTACGCT
TATTCAGAACGTACAACCGAAATCCGCGACCGGTCTTTTTGE
ATATTCCCATTAATTGCGTTGTCCGCTCAGGGGAC

TTTTTTCT

AACGAGAAACGAGGTTGACCCCCAGCGACCTCAGA
GATCCGTAACCACCAACAAAGAGGACAGATGCGGAATCCAAA
ATATTCAAACTTTGCTAAAACGAAAGAGTAGGAAC
-
TGTTTAGATAGGCTTTAAACGGGTAAARAAACTAC
AAAAAAGTTTGGCTACATCATTACCCAAATCCAARATAATTG
AAAAAAGTTTGGCTACATCATTACCCAAATCCAARATAATTG

CCCTCGTCAGTGAAGCAGCGAMGACAGTAAATGA
CGTTGAGAATTGAGGCTTGGGCTTGAGATGGCAGATACTTGA
GAAAAGGAGTAAATTGCAGGGAGTTAAACAGTTTC
GAGTTTTTCAGACAACATACCTTATGCGATTGATTCATTAGA
GATTTAGTGTGAATACCATCGCCCACGCTTGCGAA
ATCACCTTGAGTGTTGTTCCAARATAACTGAATTC
AACGGAACAGTCAGTTAAACAGCTTGATAGGETCC
TTGCGGAACCTGTCGTGCCAGTTCGTAAGCCAGET
CCGAACGGGAGAGGCGGTTTGTACCTCGAGCGCCA
AGACTTTTTCACCAGTGAGACTGGTGTAGATCGGT
AGAGCCGTGRCCCTGAGAGAGGCATTTCGOGGATG
GTTATCTCCCAGCAGGCGAAACTCGTCGTTTCCCA
AATACGACAAAATAAGAAACGATTCGGAATAATCTTTTTAAT
TTGAGCCATTGAGGGAGGGAACCGGTATTTTTTAT
CTCAGAATATAGCCCGGAATACACCGAC

cTT CTTAGC GAT
ACCATTAATGGTTTACCAGCGCTTGCGGGTATTAA
GATAGCACAGTACCAGGCGGACAGTAGE

TACCTGTT

e cce
TTCGTCAGAGACTCCTCAAGATGAAACC

\CGCACAATC

ACAGCCCTTCGGAACCTATTACAAGTTT
AGTTAAAGACATCTTGACAAGAACCAAAAGATTGCGGAAAAT
TTTGTTAGC

TTTCCAGGAGTAACAGTGCCCCATTTTC

TAGC! T
ATTTTCTTTTTAACGGGGTCATATTAGCGTTTGCCCCCAAAA
TAAACAACAGGAGTGTACTGGCATAATC
CAAGGCCGCTACACCAGAACGAGTAATTACGAAGTTTCCATA

TTTTCAGAGCCACCACCGGTTAC
AACAACTATTTACCGTTCCAGCTCCCTC
T

TATGGTAAATTC
AAAACCGATACTGGCTCATTATACCAACATTCAATAACCTAC
TTGATATTC
CTGGTCAGCAAAATCCCTTATACTCTATTTTCTCA
™

\TTTACGAGCAT TCCGGCTTAGGTTGG.

TAAGAGATGTGATAAATAAGGCAGAAATAAAGAAATTTTAAA
CCAGACGTTCATCTTCTGACCATGAATATACAGTAATTCGAC
TCATATTATT TACGT
TCAATGTAATTAGACGGGAGAATTTATCTTATCAGAGCAAGS
cc TTAC
GAACTGGCAATCCATAAACAACATGTTCTTCAAATATATTTTAGTT

TAATATCATATAACTATATGTCGCGCAGAGGCGAACTTTAGG
ATCGATACACGGAATAAGTTTTTTTGCACAATCAA
GCCTTTACATACATAAAGGTGTAACGAGAGAAAAA
GGTCATARAGACTCCTTATTAARACAGCGCAGAAC
AAAATCAAAACGCAATAATAATTTTGTTATTCTGT
AGAGCCGGTAAGCAGATAGCCAGAATAACCAGTAA
CTCAGAGGAAATAGCAATAGCAACTGAATTAACAA
AGATTTATCAGCCAGTTACAAAATCGCAGTATCATCGGGTAT
GTTCCATCCTAATCTTACCAACGCGCAACATACAGAATTTCT

CGACATGCGTTTT AAGAC/ i
AATAGAATTAAATCTCCTTATCATTCCAGTGAATTTATCAAAATCA
ACACGTCTT TCAT

TAGCTGTCTTAAGATTAGTTGCTAATTTTGTTCACCAAGAAG

GAAGGAAAAAATAGGTACCGACAAAAGGAATGGTTTGAAATACCGA

CCTTTTTAGCGCATTTAGGCAGAGGCATTAAGAATARACACCGGAA
TTAATTGAGAATCTT T

ACCAAGTAGACGCTGAGAAGATTAACAATTTCATTCCTCAAA
TTTCATCTTTCCCTTAGAATCCATAAATCAATATAAGCCAGC

« T

« TCTCTGAAAAG

CCACCARAC

Antigen_ARATGCGCARGAGTCTGGAGEARTATGEC
Antigen GGAGAGGAAAGATTANGAGTARATCA

Antigen ARAAARTCATGCTCCARAGCGCGAAACARRCGCCACE
Antigen_AAGGAGAAGARACTAGCATGTCAAATCACC
Antgen_AAGTCACGARAAGCCCCAAARACTAGGTAA

Antigen AACCAGAGGAAGAGTATTTTTCATGAGGARTCCACAG
Antigen_AACACGAAAGCCCCAAAAACTAGGTAA
Antigen_AATGCCAGAGGAAGAGTATTTITCATGAGGAATCCACAG



Supplementary Table 2. Binding kinetic data for digoxigenin nanopatterns. (n = 3, the average value

of KD and their corresponding standard deviation is presented)

Sample
Monovalent 1
Bivalent 1
Bivalent 2
Monovalent 2
Monovalent 3
Monovalent 4
Triangle 1
Triangle 2
Triangle 3
Triangle 4
Bivalent 3
Monovalent 5
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KD(M)  STDEV for KD (M)
2.79E-11 4.45E-12
2.08E-12 2.30E-13
2.04E-12 o pile=ie
e 3.96E-12

" 324117 1.79E-12
3.20F-11 2.66E-12
1.41E-11 1.28E-12
1.59F-11 7 R0
123011 1.39E-12

OTE 3.10E-13
S oL 2.56E-13

e 1.51E-12



Supplementary Table 3. One-way ANOVA analysis of monovalent binding samples. (n = 3)

30-£EEH

e
= 4
=
o 20'
o
(U'KU T
10
0 1 L L] ] ]
® L o @ L
® ®
®
#
A N © <t [Te]
- -— -— -— -
= [ = o = ==
L © O O 2@
@ @ [ © [
=3 = > > >
o] [o] o] ] ]
c c c c c
o] o] (o] o] o
= =2 =2 =2 2

Fitted binding curve data Kd Repeat1l Kd Repeat2 Kd Repeat3

Monovalent 1 2.585E-11  2.493E-11 3.305E-11
Monovalent 2 3.27E-11 2.88E-11 3.671E-11
Monovalent 3 2.095E-11  2.318E-11 2.941E-11
Monovalent 4 3.324E-11  2.895E-11 3.382E-11
Monovalent 5 3.068E-11  2.794E-11 3.10333E-11
ANOVA
Source of Variation ) df MS F P-value F crit
Between Groups 1.3244E-22 4 3.31091E-23 2.563317 0.103623 3.47805
Within Groups 1.2916E-22 10 1.29165E-23
Total 2.616E-22 14
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Supplementary Table 4. Binding kinetic data for NIP nanopatterns using human IgG and IgM and
IgG3 hinge engineered variants. The nanostructures are described in Supplementary Fig. 5. The
monovalent binding samples (Mono; 28 nm; 45 nm) are weak binding interactions. This means that
antibody binding to the antigen coated SPR surface reaches instant equilibrium, and kinetic rate
constants cannot be accurately extracted from the binding curves, therefore only the binding
constant (KD) is presented. (n = 3 for all bivalent binding samples besides: IgG1 7 nm, 1gG2 3 and 7
nm, 1gG4 7, 14 and 16, IgM Mono 14, 16 and 17 nm which have 4 repeats; n = 1 for monovalent
binding samples (Mono, 28 nm and 45 nm))

sample_IgG3_HMS5

Sample_IgG1  ka (1/Ms) Stdev kd (1/s) Stdev KD (M) stdev chiz  stdev ka (1/Ms) Stdev kd (1/s) Stdev KD (M)  Stdev chiz  stdev

Mono 3.41€-08 0.0528 Mono 3.94€-08 0.0127

3nm " 1536407 1130796 .18 4.336-04 " 9.59523E-05" 2.81E-11 4.42579€-12 6.316-027 0.011868 3nm 1176407 1192741.939” 2.206-08” 1.07156E-05" 1.90e-11" 2.38395E-12” 7.04E-02" 0.00738

7nm " 1636407 920326.0292” 1.256-04 2.28861E-05" 7.69€-12 1.13065E-12 5.246-027 0.016642 7nm "1.266+07" 111880889 2.87€-08” 1.11447€-05" 2.285-11 1.63812E-12” 5.686-02 0.007661

14nm "2.99E+07" 7997164 081" 1.076-04 3.01878E-05" 3.58E-12" 1.65756€-13” 3.386-02” 0.006864 14 nm "2.568407 5807515 246 1.426-08” 7.72886-05” 6.176-12" 3.95526-12 5.48E-02” 0.015846

16nm "a.748+07" 3376571 239 5.846-05” 1.619316-05” 1.226-12 2.52665€-13” 3.968:02"  0.0137 16 nm "3.826407” 6321157 594 6.65E-05" 3.183726-05  1.86E-12° 1.0623E-12” 4.01E-02” 0.008603

17nm " 7.426+06" 322678 3744 3.266-04” 5.31502£-05” 4.426-11” 8.45653E-12” 1.06£-0170.010013 17 nm "5.9864106" 49369.35622 " 4.17E-04 6.19866£-06” 6.976-11 1.56758E-12” 9.85E-02 0.01044 3

28nm 9.236-09 2.476-01 28nm 3.076405 " 4.03¢-08 1.196-09 3.57€-01

45 nm 4.05€-08 5.82€-02 45 nm 3.68¢-08 3.30€-02
Sample_IgG3_m15

Sample_IgG2  ka (1/Ms) Stdev kd (1/s) Stdev KD (M) Stdev chi2  stdev ka (1/Ms) Stdev kd (1/s) Stdev KD (M) Stdev chi2  stdev

Mono 3.06E-08 0.0269 Mono 3.02€-08 0.00957

3nm "1.166+07" 2053785.123” 3.496-04" 5.78516-05" 3.086-11 7.470226-12 8.956-02” 0.01114 3nm "1.106+07” 1584897 473" 2.266-04” 2.736326-05 2.076-11" 1.93415€-12” 9.486-02” 0.010418

7nm " 1.666+07 1857067 581 4.532-04 3.56543E-05 2.75€-11 3.958756-12 4.636-02° 0.004752 7nm "1.816+07" 1848494 883" 1.726-04” 2.25542€-05" 0.446-12” 2.77998E-13 4.60E-02” 0.00965 5

14nm "2.796+07" 5546497 303" 2.465-04" s5.9889F-05" 8.74F-12 6.313726-13” 3.726-02" 0.01365 14 nm "2.848+07” 4438426 899" 2.076-04” 1.29017€-05” 7.386-12” 1.07936€-12” 4.436-02” 0.013424

16nm "a.186+07" 7750215 051 2.176-04” 1.97308 E-05” 5.396-12 1.63668E-12 2.776-027 0.003723 16 nm "a.468+07” 8488221 251" 1.10£-04” 1.84515E-05” 2.506-12” 5.4079E-13” 3.53€-02 0.00656 4

17 nm " 6.49E+06 1309503723 3.746-04 5.67047E-05” 5.76E-11 7.62158E-12” 9.936-0270.015001 17 am "4.626+06" 285310 9415 2.89E-04” 6.68755E-06 6.26€-11" 2.66434 E-12” 1.42E-01 0.029547

8nm " 3.476-04 1.06E-08 2.336-02 28nm 2.90E+05 " 2.726-00 8.52€-10 4.54E-01

45nm 4.03E-08 3.226-:02 45 nm 1.94E-08 8.206-02
Sample_lgM_mono

Sample_IgG3 _ ka (1/Ms) Stdev kd (1/s) Stdev KD (M) stdev chiz  Stdev ka (1/Ms) Stdev kd (1/5) Stdev KD (M) stdev chiz_ stdev

Mono 3.36E-08 0.0186 Mono

3nm "1.936+07” 1081911 .888  2.076-04” 1.46405E-05 1.07€-11  1.11284E-12 3.84E-02° 0.003612 3nm "5.086+07 17794909 .38” 2.236-05" 1.94429€-05” 3.666-13” 3.17797€-13” 9.446-02” 0.029111

7nm " 1.826+07" 1016021.653” 2.326-04" 2.2546E-05" 1.28E-11 1.81596€-12 3.626-02° 0.002615 7nm "7.90e+07" 22668912 .63” 5.145-05" 7.78053€-06” 6.686-13” 1.03309€-13” 3.986-02” 0.000624

14nm "3.086+07” 105533565 1.606-04° 3.8553E-06  5.216-12” 5.70263E-14” 2.94E-0270.005367 14 nm "9.856+07 5052041 .667 5.16E-05  6.52738E-06 5.26E-13  8.9751E-14 5.086-02  0.007107

16nm "a.576407" 2094179 892" 6.53e-05" 6.4144€-05" 1.386-12" 1.28811€-12” 3.065-02"0.004484 16nm "1.09e+08" 63534334 .20 1.365-06" 0.00012792” 2.976-12" 4.39863€-12” 5.336-02” 0.044816

17nm "7.936+06 " 793195.016” 2.716-08 8.65005E-06" 3.44E-11 2.92216E-12” 1.076-017 0.007686 17 nm " 3456407 393234.4508” 2.956-06" 9.35788E-06” 8.54E-12” 3.69091E-13” 1.246-017 0.02346

28nm 2136405 " 2.17E-04 5.11E-10 3.35€-01 28nm 3.55E+06 " 2.848-00 7.25E-11 6.67E-01

45nm 4.736-08 1.38€-01 450m 7.39€-09 1.47E-01
sample_lgM

Sample_gG4 _ ka (1/Ms) Stdev kd (1/s) Stdev KD (M) stdev chiz_ stdev ka (1/Ms) Stdev kd (1/s) _Stdev KD (M) Stdev chiz  Stdev

Mono 2.78€-08 0.0158 Mono 158600 3.37€-09 1.88

3nm "1.606+07" 1381557 .093” 4.506-04" 7.37801E-05" 2.816-11” 3.08757E-12” 6.836-02” 0.002875 3nm "5.295407" 2806819.077 " 2.29e-05  1.5526-06 4.34€-13” 5.14413E-14 5.886-02 0.00617

7nm "1.916+07" 994664 9352 2.126-04” 8.83463E-06° 1.11E-11  7.10516E-13” 4,448-02” 0.009283 7nm "s5.088407" 2751187 622" 6.73k-05” 161327806  1.336-12” 8.95898E-14 6.36E-02 0.01497

14nm "3.256407" 2191483 .516” 2.095-04 " 2.34557E-05" 6.41€-12 3.23153€-13” 5.076-0270.013755 14 nm " 8526407 4319942 129" 2.80€-05  1.98283E-06  3.296-13" 3.07038E-14” 2.286-02 0.013271

16nm " 5.086+07" 4318196 .962 6.665-05  1.65004E-05  1.31E-12” 3.108156-13” 4.81E-027 0.009986 16 nm 1348408 11662046 .7 1.98€-05” 9.614055-07  1.49E-13" 1.6129E-14” 4.036-02 0.004732

17nm "4.376+06" 572775 9888 3.026-04" 1.28176 05" 6.976-11" 6.95004€-12” 9.836-0270.021984 17 nm "7.19e407" 3150703 625" 2.426-04” 1.026326-06" 3.376-12" 1.5004F-13” 3.57€-02” 0.010307

28nm 5.89E-09 6.226-02 28nm " 2.426-04

45 nm 3.22€-08 2.99€-02 45nm 4526405 6.64E-04 1.47€-09 6.21E+00

Sample_lgG3_HM4

ka (1/Ms) Stdev kd (1/s) _Stdev KD (M) Stdev chiz  stdev

Mono 3.496-08 0.0246

3nm " 7.906+06 " 1524543648 8.426-05” 1.10133E-05” 1.076-11 1.25942€-12 8.36£-02” 0.007536

7nm " 1436+07" 830722577 3.36E-04" 1.83058E-05  2.36E-11 5.48361€-13” 5.065-02” 0.001914

14nm "3.276+07" 3016112 288 6.60E-05  1.24018E-05  2.04E-12"  4.796-13” 3.336-02 0.005173

16nm "4.736+07" 5113863 .51 3.596-05" 4.53752E-06" 7.616-13” 9.60487€-14” 3.106-02" 0.005006

17nm " 5.006+06” 168054.5546” 4.90E-04" 1.1238E-05" 6.066-11 2.62348€-12” 8.785-02" 0.008793

28nm 3426405 " 4.695-04 1.22E-09 4.056-01

45 nm 3.236-08 2.36£-02
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Supplementary Table 5. Raw data for the brick digoxigenin hexagon nanopatterns binding to rabbit
anti- digoxigenin IgG1. (n = 3)

Sample ka Stdev kd Stdev KD (M) Stdev Chi2 Stdev
(1/ms) (1/s)

JR1 1.39E+0 | 683910.325 | 6.54E | 7.12736E- | 4.73E-11 | 7.67E-12 | 2.43E- | 0.00925
7 5 -04 05 02 7

JR2_Close | 1.82E+0 | 1630163.59 | 1.02E | 2.73818E- | 5.60E-12 | 5.25E-13 | 2.31E- | 0.01167
7 1 -04 06 02 9

JR2_Far 9.45E+0 | 871458.738 | 6.08E | 6.17846E- | 6.48E-11 | 6.3E-12 | 2.97E- | 0.00706
6 7 -04 06 02 2

JR3_Close | 1.31E+0 | 999549.898 | 2.63E | 7.78717E- | 2.01E-11 | 9.06E-13 | 3.17E- | 0.00311
7 7 -04 06 02 9

JR3_Far 9.17E+0 | 731990.664 | 5.06E | 3.26037E- | 5.55E-11 | 3.93E-12 | 4.11E- | 0.00020
6 8 -04 06 02 8

JR4_Close | 1.85E+0 | 291433.239 | 8.57E | 5.92276E- | 4.62E-12 | 2.78E-13 | 2.64E- | 0.01034
7 9 -05 06 02 1

JR4_Far 1.62E+0 | 525388.745 | 6.60E | 1.50609E- | 4.08E-12 | 2.15E-13 | 2.51E- | 0.00896
7 -05 06 02

JR5 1.38E+0 | 327159.492 | 1.58E | 7.76745E- | 1.14E-11 | 3.07E-13 | 2.74E- | 0.00499
7 2 -04 07 02 7

JR6 1.58E+0 | 361708.906 | 9.36E | 1.55104E- | 5.93E-12 | 2.25E-13 | 3.38E- | 0.00445
7 9 -05 06 02 1

o o} o O o o O
H1 H2c |  H2f | H3ce oH3f | oH4co | H4f | eH590 oH60°
o o O (o] o O o o O o O o o o O
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