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TRPs are proteins that contain multiple repeated peptide 
sequences, usually spanning between 20 and 40 residues 
each1–3. Such repeated sequences, which are found in approxi-

mately 15–25% of proteins in various organisms, form highly similar 
folded topologies that self-associate to form closed circular or open 
linear protein scaffolds. Naturally occurring TRPs have evolved to 
bind a wide range of protein and nucleic acid partners3.

TRPs are attractive platforms for protein engineering because 
they are straightforward to redesign and often display several favor-
able biophysical properties, including high thermal stability and 
solubility and ease of expression3. Many engineering efforts using 
TRPs have aimed to improve their stability and folding properties, 
and to develop them as alternatives to antibodies as protein-bind-
ing reagents. For example, high-affinity binders of various protein 
targets have been created from ankyrin proteins (DARPins)4, and 
designed RNA-binding proteins have been created from Pumilio/
fem-3 (PUF) proteins5. The use of TRPs as scaffolds to host addi-
tional protein domains has also been demonstrated by inserting  
an enzyme into loops connecting adjacent repeats in an ankyrin 
consensus repeat protein6. In addition, new protein structures (both 
linear and cyclic) have been created by engineering TRPs contain-
ing leucine-rich repeats7, tetratricopeptide repeats8,9 and computa-
tionally designed repeats10.

We previously described the development and experimental  
validation of a computational strategy for the de  novo design of 
closed, cTRPs spanning symmetries that range from 3 up to 12 
identical repeats11. In those constructs, each repeat was composed 
of 31–35 residues corresponding to a left-handed α-helical bundle. 
The designed proteins expressed at very high levels, were extremely 
thermostable and soluble and formed structures that corresponded 
closely to their original designs. On the basis of those results, we 
refined the physical terms used for design and created a considerably 
larger cTRP of sufficient size and repeat number to allow fusion of 

multiple copies of functional protein domains around their periph-
ery at evenly spaced intervals and with precisely defined symmetry.

Results
De novo design. The initial designed protein, which we refer to as 
‘cTRP24’, corresponds to a circular tandem repeat architecture con-
taining 24 identical structural units, folded into a ring with a 100-Å 
(10 nm) outer diameter, a 60-Å inner diameter and a 20-Å thick-
ness perpendicular to the plane of the ring (Fig. 1a). Each repeat is 
composed of an identical 33-residue sequence (Fig. 1b) folded into 
a left-handed bundle containing two antiparallel α-helices (Fig. 1c). 
The inner and outer helices are 13 and 14 residues in length, respec-
tively, and are connected by a three-residue loop (spanning residues 
17–19 in each repeat). Twenty-four identical copies of that loop 
are all located on the same side of the model. An additional series 
of identical three-residue loops (spanning residues 1–3 in each 
repeat) are located on the opposing surface of the cTRP, where they 
connect each consecutive repeat (with the exception of the same 
three residues at the amino (N) terminus). The individual repeats 
are amphipathic, with the interfaces between α-helices composed 
largely of alanine, leucine and isoleucine residues, while the solvent-
exposed surfaces of the same helices are composed largely of lysine 
and glutamate residues.

The construct names and sequences described in this paper, 
and a list of figures illustrating those constructs, are provided in 
Supplementary Table 1. Many constructs are referred to within the 
remainder of this article (and in that table) as ‘cTRP24x’, where the 
cTRP24 molecule is assembled from multiple, smaller, identical 
protein subunits, where each subunit contains ‘x’ repeats. For exam-
ple, cTRP246 (read as, ‘cTRP24 sub6’) refers to a protein subunit 
containing six repeats, which tetramerizes to form a cTRP24 parti-
cle consisting of 24 total repeats. Some constructs contain disulfide 
staples between the protein subunits and are named cTRP24xSS.
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cTRP24 was expressed at high levels (>20 mg per liter of bacterial 
culture) and was easily concentrated to millimolar concentrations 
(50–100 mg ml−1), with no evidence of aggregation or precipitation 
during concentration. The purified protein was examined using 
circular dichroism (CD) spectroscopy, small angle X-ray scattering 
(SAXS) and electron microscopy (EM). CD spectra (Extended Data 
Fig. 1a) confirmed the α-helical nature of the protein and retention 
of the folded structure up to 95 °C. SAXS spectra (Extended Data 
Fig. 1b) were closely superimposable on theoretical spectra calcu-
lated from designed coordinates of the cTRP (reproducible across 
a wide range of protein concentrations). Finally, the shape of the 
protein in the EM images (Fig. 1d) revealed uniform nanoparticles 
displaying circular shapes approximately 100 Å (10 nm) across their 
outer diameter, with obvious internal pores and overall thickness 
similar to the designed protein.

The protein was also crystallized; however, all specimens  
diffracted to very low resolution. We believe that result is due to 
very high solvent content (promoted in part by the large internal 
pores of the cTRP construct) and to rotational averaging of the  
symmetric molecule throughout the lattice.

Assembly from smaller subunits. The ultimate goal of this work 
was to display multiple copies of functional protein domains (that 
is, ‘cargo’) at symmetrically distributed positions around the cTRP 
periphery. To reduce the size and complexity of such constructs 

(and to generate constructs containing multiple termini for alter
native fusion sites), we investigated assembly of the cTRP from 
smaller fragments. These constructs were each intended to assem-
ble into a protein nanoparticle containing 24 total repeats (that is, 
constructs with 3, 4, 6, 8 or 12 repeats that might assemble into  
full-sized cTRPs via octamerization, hexamerization, tetrameriza-
tion, trimerization or dimerization, respectively).

These constructs also expressed at very high levels, purified 
to homogeneity (Fig. 2a, inset) and behaved similarly in solution 
to full-length cTRP24. However, size-exclusion chromatography 
(SEC) analysis showed that the smallest four constructs eluted  
at volumes consistent with their monomeric size, indicating a  
failure to assemble into the desired 24-repeat construct. The largest  
of the constructs (cTRP2412, which was expected to dimerize)  
coeluted at the same volume as the cTRP24 protein; however,  
a significant tail extending from the main peak indicated that 
the protein appeared to sample an equilibrium between dimers 
and monomers. Subsequent repeats of this experiment at various  
pH values ranging from 6.5 to 8.5 produced similar elution  
patterns (Fig. 2b).

We hypothesized that cTRP assembly might be encouraged by 
engineering disulfide bonds into the interfaces between protein 
subunits. We identified a pair of positions in the N- and carboxy 
(C)-terminal repeats of each subunit (proline 4 on the N-terminal 
repeat, and alanine 6 on the C-terminal repeat) that might  
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Fig. 1 | Properties of an engineered 24-repeat circular tandem repeat protein. a,b, Topology, dimensions (a), sequence and secondary structure content 
(b) of a computational model of the protein nanoparticle. The engineered construct (cTRP24) contains 24 repeated structural units (a left-handed 
two-helix bundle) corresponding to exact repeats of a 33-amino acid sequence. The interface between the N- and C-terminal repeats (no. 1 and no. 24) 
is identical to that between all other internal repeats. The outer diameter of the cTRP24 is ~100 Å, its width is ~20 Å and the inner diameter is ~60 Å. 
c, Computational model showing the fold and side chain distribution of a single structural repeat (left) and of the interface between two consecutive 
structural repeats (right). The inner and outer surfaces of the cTRP24 are primarily lined with pairs of lysine and glutamate residues. d, Negative-stain EM 
images of cTRP24. The dimensions and thickness of the observed nanoparticles are in close agreement with those corresponding to a space-filled model 
of the designed construct.
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support disulfide formation if mutated to cysteines (Fig. 2c, right). 
Generation of a construct containing 12 repeats with those substitu-
tions (cTRP2412SS), and subsequent electrophoretic analyses under 
reducing and nonreducing conditions, confirmed the formation  

of a disulfide-coupled construct (Extended Data Fig. 2a). SEC 
analyses (Fig. 2c) revealed that the stapled construct coelutes at the  
same volume as the full-length cTRP24 construct, but now as a 
much sharper peak corresponding to a uniform size distribution. 
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Fig. 2 | Assembly of cTRP24x nanoparticles from smaller protein subunits, verified by SEC analyses. a, Constructs containing 3, 4, 6, 8, 12 or 24 repeats 
were individually expressed and purified from E. coli using identical protocols (see Methods); each construct was run at concentrations of approximately 
10 mg ml−1. The elution profiles indicate that the smaller constructs (containing 3–8 repeats per subunit) fail to assemble into a full 24-repeat cTRP. 
The largest subunit (containing 12 repeats; cTRP2412) migrates with the full-sized cTRP24, consistent with an intact dimer, but a long tail extending 
from the peak indicates that the construct is in dynamic equilibrium between dimeric and monomeric species (the latter probably sampling a range of 
conformations). b, Assembly behavior of cTRP2412 construct as a function of pH. Between pH 6.5 and 8.5 the elution behavior of the construct appears to 
be largely unchanged. c, SEC analysis of a 12-repeat construct, with a pair of point mutations (P4C and A6C, shown in computational structural models 
on the right) introduced at the interface of the N- and C-terminal repeats creating a disulfide ‘stapled’ protein homodimer (cTRP2412SS). The resulting 
construct eluted as a single symmetric peak at the same elution volume as the monomeric cTRP24 construct. SDS–PAGE analyses under reducing and 
nonreducing conditions also support formation of a disulfide-stapled dimer (Extended Data Fig. 2). An additional construct, harboring four mutations to 
physically prevent dimerization (cTRP2412Capped), was used as a negative control for dimeric assembly.
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An additional negative control, in which the original 12-repeat con-
struct was mutated to sterically block subunit association, resulted 
in elution at a significantly retarded volume corresponding to a 
smaller monomeric construct (Fig. 2c; cTRP2412Capped).

We repeated the same experiments using subunits containing only 
six repeats per protein chain, which were expected to assemble into 
disulfide-stapled tetramers (cTRP246SS). When expressed in bacterial 
cells (Extended Data Fig. 2b, middle panel), the resulting protein dis-
played an SEC elution profile corresponding to a cTRP tetramer, but 
it contained an incomplete complement of internal disulfide bonds 
(indicated by a ladder of protein bands on nonreducing SDS–PAGE). 
In contrast, when expressed and secreted from human 293 cells 
(Extended Data Fig. 2b, right panel), the same nanoparticle displayed 
a uniform and complete complement of interchain disulfide bonds.

Display and characterization of functional protein domains. 
Armed with self-assembling cTRP constructs containing 24 repeats, 
we next investigated our ability to display multiple copies of func-
tional protein domains at positions distributed evenly around  
the periphery of the cTRP. Each assembled cTRP contained four 
protein domains either fused to the N terminus of each subunit or 
inserted within four surface loops (Supplementary Table 1). These 
correspond to the following.

	1.	 Constructs harboring either a sequence-specific SH2 peptide-
binding domain12 (Fig. 3a; cTRP2412SS-SH2), or

	2.	 a ‘SpyCatcher’ protein ligation domain13 (Fig. 3b; cTRP2412SS-
Spy) inserted into loops distributed around the top surface 
of the cTRP. The construct with the SpyCatcher domains was 
subsequently used to capture ‘SpyTagged’ versions of the SH2 
domain or the Clover fluorescent protein14.

	3.	 An engineered fluorescent protein (mFAP)15 inserted in loops 
distributed around the bottom face of the cTRP (Extended Data 
Fig. 3c; cTRP246SS-mFAP).

	4.	 A single-chain class I major histocompatibility complex mol-
ecule (scMHC, a construct consisting of an antigenic peptide, 
β2-microglobulin and MHC heavy chain encoded on a single 
polypeptide16) fused to four equivalent N termini distributed 
around the cTRP tetramer (Fig. 4a and Extended Data Fig. 4; 
cTRP246SS-scMHC). This construct displays a viral antigen 
(CMV pp65 peptide from cytomegalovirus) and was created to 
demonstrate its performance as a highly avid staining reagent 
(for example, identification of T cells expressing receptors spe-
cific for that cognate MHC–peptide complex).

	5.	 We also generated a hexameric form of the same CMV pp65 
scMHC (Extended Data Fig. 5a; cTRP244SS-scMHC) further 
demonstrating the flexibility of the cTRP24 platform.

	6.	 Four copies each of two distinct protein domains, each fused 
to opposite faces of the cTRP protein scaffold (Extended Data 
Fig. 5b), by combining the protein domains found in (3) and  
(4) above.

	7.	 A single-chain Fv targeting the T-cell coreceptor CD28 fused 
to the four N termini within the cTRP246SS scaffold, for use 
in T-cell activation and expansion assays (Fig. 5; cTRP246 
SS-scFvCD28).

	8.	 Three separate single-chain tumor necrosis factor receptor  
superfamily ligand trimers (each generated for this project;  
see Methods) that, respectively, target T-cell coreceptors 4-1BB, 
OX40 and CD27, each fused to the four N termini of the 
cTRP246SS scaffold (Fig. 6; cTRP246SS-scTrimerLigand).

The expression, purification and assembly of all these constructs 
were confirmed by gel electrophoresis and SEC, and the tetra-
meric organization and geometry of the functionalized cTRP246SS 
nanoparticle containing four copies of the scMHC were further 
visualized via EM microscopy (Fig. 4b).

We first examined the behavior of the two constructs containing 
either an SH2 domain (which binds a phosphotyrosyl-containing 
peptide EHIpYDEVAAD)12 or a SpyCatcher protein ligation domain 
(which captures protein domains fused to an N-terminal ‘SpyTag’ 
peptide sequence)13 (Fig. 3). Initial tests of the protein ligation  
function of the cTRP2412SS-Spy fusion protein via incubation with 
a ‘SpyTagged’ Nck2 SH2 domain demonstrated that the SpyCatcher 
domains could be fully conjugated with the cargo protein in a 
15-min incubation at room temperature (Fig. 3c; far right), similar 
to the kinetics reported for the free SpyCatcher domain13. To further 
test the SpyCatcher domain, we covalently coupled cTRP2412SS-Spy 
to four copies of SpyTagged ‘Clover’14 (Extended Data Fig. 3a,b).

Next, we examined SH2-dependent phosphopeptide binding  
by four constructs: the cTRP2412SS scaffold, the free SH2 domain, 
cTRP2412SS-SH2 and cTRP2412SS-Spy ligated to four copies of 
SpyTag-SH2 (cTRP2412SS-Spy-SH2). The experiments were per-
formed in solution (using fluorescence polarization with a labeled 
peptide ligand) and on a surface (using surface plasmon resonance 
(SPR), with biotin-labeled peptide captured on a streptavidin chip). 
In the solution-based peptide-binding experiment (Fig. 3d), the 
constructs were all observed to bind peptide in a saturable manner, 
with approximate Kd values of 200–500 nM, which is similar to previ-
ously reported values for the same SH2/peptide combination12. The 
cTRP2412SS scaffold alone did not display significant peptide binding.

In surface-based binding experiments against the same peptide 
target, superimposable binding kinetics were observed for both 
the cTRP2412SS-SH2 and cTRP2412SS-Spy-SH2 fusions (Fig. 3e). 
Both constructs display a significant avidity effect, primarily mani-
fested in a considerably slower off-rate. This difference in off-rates 
between free SH2 domains versus a cTRP array of SH2 domains 
increases significantly when capturing a high density of peptide on 
the chip (data not shown).

We also tested incorporation of cTRP nanoparticles with  
functional cargo fused to multiple positions around the opposite 
(‘bottom’) face by inserting copies of a de  novo-engineered fluo-
rescence-activating protein7 (mFAP) into four evenly spaced loops 
(Extended Data Fig. 3c,d; cTRP246SS-mFAP). The cTRP246SS-
mFAP protein also expressed at very high levels, displayed excellent 
solution properties upon purification and exhibited similar fluores-
cent properties when compared to free mFAP15.

Display and characterization of eukaryotic protein constructs. 
While the constructs described above all folded and expressed 
well in Escherichia coli, many secreted eukaryotic proteins that are 
of interest cannot be generated in bacteria. We therefore adapted 
the cTRP platform for use in mammalian expression systems  
and tested the production and function of various mammalian 
secretory proteins. As an initial proof-of-concept, we fused four 
copies of an scMHC to the cTRP246 and cTRP246SS scaffolds in  
an attempt to provide an alternative route to streptavidin-based  
tetramers, which are typically refolded from bacterial inclusion 
bodies (Fig. 4a). The constructs were secreted from 293F cells using 
a previously described lentiviral-based protein expression system17. 
Expression of cTRP246SS-scMHC resulted in an approximate yield 
of 100 mg l−1 of conditioned media; subsequent purification yielded 
a fully assembled tetramer (Fig. 4b,c) containing disulfide bonds 
that could be reduced to generate a shift in electrophoretic mobil-
ity (Fig. 4c). In contrast, the cTRP246-scMHC construct lacking the 
engineered disulfide bonds ran as an unassembled monomer.

The functional activity of the resulting constructs was tested  
in a flow cytometry assay in which a CMV-reactive cytotoxic  
T-cell line (CTL) or healthy CMV-negative donor peripheral  
blood mononuclear cells (PBMCs) were stained with the cTRP246-
scMHC monomer or the cTRP246SS-scMHC tetramer using a fluo-
rophore-labeled anti-His antibody as a secondary detection reagent 
(Fig. 4d). This experiment demonstrated that (1) the unassembled 
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cTRP246-scMHC monomer insufficiently stained the CMV-reactive 
CTL clone, and that (2) the avidity gained from tetramerization of 
the scMHC construct rescued target-specific staining.

In a parallel experiment (Extended Data Fig. 4), the same  
CTLs were serially diluted into freshly thawed PBMCs and detected 
using either the cTRP246SS-scMHC (along with the secondary 
detection antibody) or a classical streptavidin-conjugated tetramer  
of the same scMHC construct (used as a positive control). This 

experiment demonstrated that the limits of detection of the 
cTRP246SS-scMHC and classical streptavidin-conjugated tetra-
mer are comparable, despite the technical differences between the  
two approaches.

To further demonstrate the utility of self-assembling cTRPs,  
we next designed a series of T-cell ‘superagonists’ that could  
potentially be used as soluble protein reagents to mimic immuno
logical synapse interactions in vitro, which are important during the  
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process of T-cell differentiation and expansion18. Several agonistic 
antibodies exist against a variety of human T-cell costimulatory 
receptors (examples include the anti-CD28 antibody TGN1412 
(theralizumab), anti-CD27 antibody 1F5 (varlilumab) and anti-
CD3 antibody OKT3 (muromonab)). Bivalent reagents often work 
poorly in solution and, as a result, are often conjugated to beads 
(for example, Dynabeads Human T-Activator CD3/CD28) or 
aggregated on tissue culture plates to drive robust T-cell expansion. 
Soluble, multimeric proteins that agonize costimulatory receptors 
and thereby induce canonical signaling pathways could serve as an 
alternative to typical culture systems, especially if they could: (1) be 
easily expressed and purified, (2) be added directly to tissue culture 
medium at low concentrations, (3) be easily washed away or inacti-
vated and (4) enable large-scale suspension or bioreactor expansion 
of human T cells.

To investigate this idea, we first designed a CD28 agonist 
(cTRP246SS-scFvCD28) using the variable region (as a single-chain 
Fv) of the CD28-specific antibody TGN1412. The scFv was suc-
cessfully displayed in a tetrameric arrangement and easily purified 
from conditioned media (Fig. 5a). The functionality of the molecule 

was verified using an NF-κB Jurkat reporter line in the presence of 
plate-immobilized OKT3 (Fig. 5b). We next assessed proliferation 
capacity of carboxyfluorescein succinimidyl ester (CFSE)-labeled 
human CD8+ T cells in vitro. The addition of soluble cTRP246SS-
scFvCD28 enhanced OKT3-induced proliferation to a similar extent 
to the soluble superagonistic TGN1412 monoclonal antibody  
(Fig. 5c). These combined results show that cTRP246SS-scFvCD28 is 
active when combined with OKT3, and demonstrate that displaying 
scFvs as cTRP24 multimeric arrangements could be a robust way  
to generate soluble receptor agonists.

Finally, we designed and expressed a series of TNF receptor 
superfamily ligands (4-1BBL, OX40L and CD70) as single-chain 
fusions to the cTRP246SS scaffold, to generate a toolkit of T-cell 
superagonists (Fig. 6a,b). Each of these tetramers secreted well 
from 293F cells and ran as monodispersed, tetrameric proteins by  
SEC (Fig. 6b). The functionality of the cTRP246SS-scTrimerCD70 
(Fig. 6b, inset shows SDS–PAGE) was confirmed using a CFSE-
based T-cell proliferation assay. The addition of soluble cTRP246SS-
scTrimerCD70 increased OKT3-induced proliferation of CD8+ 
T cells in vitro (Fig. 6c). Furthermore, the binding capacity of the  
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OX40L and 4-1BBL tetramers was assessed using CD3/CD28-bead 
activated CD8+ T  cells at 4 d following activation. Incubation of 
CD8+ T  cells with cTRP246SS-scFvOX40L and fluorophore-labeled 
anti-His antibody revealed similar OX40 receptor expression as 
compared to that via anti-OX40 monoclonal antibody (Fig. 6d). 
Similar results were observed for cTRP246SS-scFv4-1BBL (Extended 
Data Fig. 6). In summary, we document here that costimulatory 
receptors, such as CD28, CD27, OX40 and 4-1BB, can be effectively 
bound and triggered by soluble self-assembling cTRP246SS-ligand-
expressing superagonists.

Discussion
The experiments described here demonstrate that a computation-
ally designed cTRP scaffold is capable of displaying a wide variety 
of functional protein domains and of robust self-assembly from 
smaller repeating elements. The constructs display architectures  
that closely resemble their computational designs, are very solu-
ble and thermostable and provide display platforms that facilitate 
arrangements of functional cargo that benefit from symmetric  

preorganization and significantly enhanced avidity. Such constructs 
may offer a straightforward approach for the development and 
application of a wide variety of platforms for use in biotechnological  
and industrial processes.

The ability of the cTRP scaffold to be assembled from  
smaller protein subunits, and to harbor functional protein domains 
through fusions at the N or C termini of each subunit and within 
individual surface loops, provides considerable flexibility in the 
design of functionalized constructs that are tailored to their folded 
structure. Additionally, the ability of the cTRP scaffold to be 
expressed and secreted at high levels from a eukaryotic (in this case, 
human) expression platform enables the creation of nanoparticles 
containing functional protein constructs that cannot typically be 
produced in prokaryotic systems.

Several areas of investigation and further development of 
engineered protein display systems, such as the cTRP constructs 
described in this study, seem apparent. These include sampling a 
variety of display symmetries (that is, two-, three-, four-, six- and/or 
eightfold distribution), the design of self-assembling particles that 
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form obligate heterodimers or other multimers (thereby facilitat-
ing the introduction of defined ratios of different cargo molecules  
across the surface of the construct), the introduction of a wider  

variety of functional protein cargoes that might benefit from sym-
metric preorganization and avidity (such as receptor ligands or 
ectodomains, antibody domains or enzymatic catalysts) and the 
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design of thicker cTRP structures (perhaps facilitating the creation 
of artificial transmembrane structures or nanodiscs).
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Methods
Computational design. The 24-repeat cTRP scaffold was designed using a 
modified version of the tandem repeat protein design protocol introduced in Doyle 
et al.11. This protocol consists of an initial large-scale exploration of cTRP topologies 
(helix lengths and turn types) compatible with the desired repeat number, 
followed by a round of focused design simulations targeting a handful of specific 
topologies. In the first stage we explored helix lengths compatible with a total 
repeat length between 30 and 40 residues. In the second stage we focused on two 
specific topologies (with inner/outer helix lengths of 13/14 and 14/11, respectively) 
that emerged as consensus low-energy solutions. Of the order of 100,000 design 
simulations were conducted in each stage, with each independent run consisting 
of a fragment-based backbone buildup, followed by all-atom sequence design 
and structure relaxation. On the basis of the observation of overpacking in our 
previously published designs, we modified the all-atom sequence design calculation 
to penalize close contacts more stringently. Final designs were selected on the 
basis of the ability of structure prediction simulations to recapitulate the designed 
structure when given only the designed sequence, with a final manual inspection to 
assess surface composition, buried unsatisfied polar residues and packing quality.

Protein expression and purification from E. coli. The SH2 domain of human 
Nck2 cloned into pGEX-6P1 (ref. 12) was a gift from T. Stradal (Helmholtz Centre 
for Infection Research). SH2 was amplified by PCR, with primers adding NcoI and 
NotI sites at the 5′ and 3′ ends of DNA, and subcloned into linearized pET15HE19 
using the NEBuilder HiFi DNA Assembly Kit (New England Biolabs). All other 
genes were synthesized commercially and subcloned into the same pET15HE 
bacterial expression vector (GenScript).

Plasmids were transformed into BL21(DE3)-RIL E. coli cells (Agilent 
Technologies) and plated on LB medium with ampicillin (100 μg ml−1). A 10-ml  
aliquot of LB-ampicillin media was inoculated with a single colony and shaken 
overnight at 37 °C. Overnight cell cultures were added to 1-l volumes of 
LB-ampicillin, which were then shaken at 37 °C until the cells reached an optical 
density of 0.6–0.8 at 600 nm. The cells were chilled for 20 min at 4 °C, and IPTG 
was added to a final concentration of 0.3 mM to induce protein expression. The 
cultures were shaken overnight at 16 °C, and then pelleted by centrifugation and 
stored at −20 °C until purification.

For protein constructs without disulfide staples and for the free SH2 domain, 
cell pellets from 1 l of cell culture were resuspended in 50 ml of purification 
buffer (PBS with 20 mM imidazole pH 8.0). Cells were lysed via sonication 
and centrifuged to remove cell debris. The supernatant was passed through a 
5-μm filter, and then incubated on a rocker platform at 4 °C for 1 h with 1 ml of 
nickel-NTA affinity resin (Invitrogen) equilibrated with purification buffer. After 
loading onto a gravity-fed column, the resin was washed three times with 10 ml 
of purification buffer, and the protein was eluted from the column by 10-min 
incubations with three consecutive aliquots of 5 ml of elution buffer (PBS with 
300 mM imidazole pH 8.0). Fractions containing the eluted protein were pooled, 
filtered and run over SEC (BioRad ENrich 650) in PBS.

For protein constructs containing disulfide staples, cell pellets from 1 l of cell 
culture were resuspended in 50 ml of purification buffer (400 mM NaCl, 25 mM Tris 
pH 7.5, 20 mM imidazole pH 8.0). Cells were lysed via sonication and centrifuged 
to remove cell debris. The supernatant was passed through a 5-μm filter, and then 
incubated on a rocker platform at 4 °C for 1 h after adding 1 ml of nickel-NTA metal 
affinity resin (Invitrogen) equilibrated with purification buffer. After loading onto 
a gravity-fed column, the resin was washed eight times with 10 ml of purification 
buffer, and the protein was eluted from the column by 10-min incubations with three 
consecutive aliquots of 1.5 ml of elution buffer (300 mM NaCl, 25 mM Tris pH 7.5, 
200 mM imidazole pH 8.0). Fractions containing the eluted protein were pooled and 
DTT was added to 5 mM. Pooled fractions were run over a HiTrap Q column  
(GE Healthcare) at 2 ml min−1 with a gradient from buffer A (25 mM Tris pH 7.5, 
5 mM DTT) + 20% buffer B (25 mM Tris pH 7.5, 1 M NaCl, 5 mM DTT) to 100% 
buffer B over 20 ml. Fractions containing eluted protein were pooled, filtered and run 
over an SEC column (BioRad ENrich 650) in 150 mM NaCl, 25 mM Tris pH 7.5.

Protein expression and purification from human 293 cells. We employed the 
‘Daedalus’ human cell line expression platform for the production and purification 
of secreted cTRP proteins, using methods described previously17. The expression 
system makes use of suspension-adapted HEK293 Freestyle cells and a highly 
optimized lentiviral transduction protocol to generate cell lines that secrete proteins 
at high levels. The lentiviral vector contains a cis-linked fluorescent protein reporter 
driven by an internal ribosome entry site that allows for tracking of relative protein 
expression levels. All mammalian proteins described in Supplementary Table 1 
were purified directly from conditioned media using HisTrap FF Crude columns 
(GE, catalog no. 17528601) and subsequently polished on a Superose 6 10/300 GL 
SEC column (GE, catalog no. 17517201) using an AKTA pure 25 instrument.

CD spectroscopy. Purified recombinant protein was diluted to 10–20 μM and 
dialyzed overnight into 10 mM potassium phosphate buffer at pH 8.0. CD thermal 
denaturation experiments were performed on a JASCO J-815 CD spectrometer 
with a Peltier thermostat. Wavelength scans (190–250 nm) were carried out for 
each construct at 20 °C and 95 °C.

SAXS. Proteins were filtered and run over SEC (BioRad ENrich 650) in 150 mM 
NaCl, 50 mM Tris pH 7.5, 2% glycerol. Fractions containing pure protein were 
concentrated to a low and high range (about 2 mg ml−1 and 10 mg ml−1, respectively) 
before being collected and averaged on the SIBLYS Beamline at the Advanced Light 
Source, Lawrence Berkeley National Laboratory20. FoXS was used to compare the 
fits to Rosetta-generated structures (https://www.rosettacommons.org/software).

Negative-stain EM analysis. Negative-stained specimens for transmission electron 
microscopy (TEM) were prepared using methods previously described21. Briefly, 
4 µl of a cTRP solution at ~40–50 nM was applied to the surface of a freshly 
glow-discharged carbon film coated copper grid held at the tip of an anticapillary 
tweezer. The solution was adsorbed for 15–60 s. The grid was then washed three 
times by touching the surface to a 20-µl water droplet on the surface of a parafilm 
strip. Each time, the water attached to the grid was removed by briefly touching 
the surface of a nearby filter paper. The washing process was repeated twice with 
20 µl and 40 µl of 0.7% uranyl formate (UF). The last droplet of UF was allowed 
to remain in contact with the grid for 15–60 s before removing the filter paper. 
The stained grid was air-dried for 5 min before storage in a grid box. Grids were 
analyzed by TEM using a Jeol1400 microscope operating at 120 kV. The images 
were recorded using a Gatan CCD detector at a nominal magnification of ×60,000 
at the surface of the fluorescent screen.

Solution-binding analyses via fluorescence polarization. A ten-residue peptide, 
Tir10, containing a phosphorylated tyrosine (pY) was chemically synthesized with 
an fluorescein isothiocyanate (FITC) tag at the 5′ end linked to the peptide with a 
seven-atom aminohexanoyl spacer, Ahx (GenScript).

Tir10 : FITC� Ahx� EHI� pY� DEVAAD

Tir10 stock was resuspended to 5.7 mM in DMSO, then diluted to 0.5 μM 
in fluorescence polarization (FP) buffer (20 mM HEPES, 150 mM KCl, pH 7.4). 
Proteins were exchanged into FP buffer then serially diluted twofold from 23 μM 
to 0.011 μM. Diluted proteins were mixed with Tir10 at a ratio of 9:1 for final 
concentrations of 20.7–0.01 μM protein and 0.05 μM Tir10. Mixtures were shielded 
from light and incubated at room temperature for 20 min. FP values were read at 
excitation of 485 nm and emission of 525 nm (SpectraMax M5). After subtracting 
background from the raw perpendicular (S) and parallel (P) measurements, 
polarization (mP) and anisotropy (r) were calculated with the following equations:

mP ¼ P � Sð Þ= P þ Sð Þð Þ´ 1; 000
r ¼ P � Sð Þ= P þ 2Sð Þ

Surface-binding analyses via SPR. SPR experiments were performed at 25 °C on a 
Biacore T100 instrument (GE Healthcare) with a Series S SA chip using a running 
buffer of 10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% surfactant 
P20 with 0.1 mg ml−1 BSA. Biotinylated Tir-10_v2 peptide (Biotin-Ahx-EHI-pY-
DEVAAD) at 10 ng ml−1 was injected at 10 μl min−1 over a flow cell for 15 or 90 s 
to capture ~2 or ~14 response units (RUs), respectively. The reference surface was 
blank streptavidin alone. Protein analytes were repurified by SEC just before use. 
A buffer blank paired with each 50 nM analyte (concentration based on molecular 
weight (MW) of construct, with no regard to the number of SH2 units) was 
injected at 50 μl min−1 with 2 min of association and 3 min of dissociation. On the 
lower density Tir10_v2 surface (Fig. 3e), buffer was flowed at 50 μl min−1 for 1 h 
after the first tetramer injection, to regenerate the surface. Buffer flow alone was 
insufficient for regeneration of the higher density surface. Overlay plots of double-
referenced data were generated, then normalized for off-rate comparison by 
dividing each curve by its maximum response in Scrubber2.0b software (BioLogic 
Software). Maximum binding responses observed on the lower density Tir10_v2 
surface were 10, 16 and 22 RUs for free SH2, cTRP-SH2 and cTRP-Spy-SH2, 
respectively. Responses observed on the higher density Tir10_v2 surface were  
80 RUs for free SH2 and 230 RUs for cTRP-Spy-SH2 (data not shown). Figures 
were made in Prism 7 (GraphPad).

Epitope-specific T-cell staining. Approximately 0.5 × 106 clonal CMV pp65-
reactive HLA-A*02+CD8+ T cells or healthy PBMCs per sample (authenticated 
using microscopy morphology checks and short tandem repeat analyses), 
from an overnight incubation in CTL media (RPMI, 10% heat-inactivated 
human AB sera, 2% l-glutamine (4 mM), 1% penicillin/streptomycin, 0.01% 
β-mercaptoethanol (0.5 M))22, were spun in 5 ml FACS tubes at 1,200 r.p.m. for 
10 min at 4 °C, and washed once with wash buffer (Miltenyi autoMACS running 
buffer). The washed cells were resuspended in 100 μl of wash buffer. cTRP246SS-
scMHC or streptavidin-allophycocyanin (APC)-conjugated scMHC constructs 
(generated by the Immune Monitoring Core Laboratory at Fred Hutchinson 
Cancer Research Center) were added at 5 μg ml−1 concentration to each sample, 
mixed well and incubated on ice in the dark for 30 min. Wash buffer (4 ml) was 
added, the cells were spun down at 1,200 r.p.m. for 10 min at 4 °C and resuspended 
in 100 μl of wash buffer. A secondary labeling antibody, THE anti-His-iFluor647 
(GenScript, catalog no. A01802), was added to 4 μg ml−1 samples incubated with 
the cTRP246SS-scMHC protein and incubated for a further 30 min. The cells were 
washed with 4 ml of wash buffer, resuspended in 100 μl of wash or DAPI buffer and 
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then analyzed on a BD LSR II flow cytometer. Gating strategies were chosen based 
on their forward and side-scatter properties, single parameter histograms and  
two-parameter density plots of cell populations.

T-cell isolation, proliferation and activation assays. Human CD8+ T cells were 
derived from healthy donor PBMCs and isolated following the instructions of the 
EasySepTM Human Bulk CD8+ T-cell Isolation Kit (Stem Cell, catalog no. 17951). 
Cells were labeled with CFSE for 10 min at 37 °C and subsequently quenched with 
FBS before washing. Cells (1 × 105) were resuspended in CTL media supplemented 
with 50 U ml−1 human IL-2 and added to anti-CD3 (OKT3; 5 μg ml−1; BioLegend, 
catalog no. 317347)-coated (non-TC treated) flat-bottomed 96-well plates in the  
presence or absence of soluble anti-CD28 (TGN1412; 1 μg ml−1), cTRP6SS-
scTrimerCD28 (1 μg ml−1) or cTRP6SS-scTrimerCD70 (1 μg ml−1). CFSE dilution was 
assessed 3 d after activation by flow cytometry. Alternatively, CD8 T cells were 
activated with anti-CD3/anti-CD28 beads (ThermoFisher, catalog no. 11131D) for 
4 d. Cells were incubated for 30 min at 37 °C with cTRP246SS-scTrimerOX40L (2 μg ml−1) 
or cTRP246SS-scTrimer4-1BBL (2 μg ml−1) and subsequently stained at 4 °C using THE 
anti-His antibody (GenScript, catalog no. A00186). Receptor surface expression was 
assessed using anti-human OX40 (BioLegend, catalog no. 350007; clone ACT53)  
and 4-1BB (BioLegend, catalog no. 309803; clone 4B4-1) monoclonal antibodies.

For the NF-κB luciferase reporter assays, Ultra-LEAF purified anti-human 
CD3 antibody (OKT3) was diluted in 1× DPBS to 50 μl and incubated overnight 
in a nontissue culture treated round-bottom plate (Corning, catalog no. 3788) at 
4 °C. Contents of the plate were drained so as not to disturb the protein monolayer 
formed in the bottom of each well. Dilution series of the costimulation constructs 
were prepared in serum-free media (X-Vivo, catalog no. 04-744Q) and added 
to the plate. Jurkat cells (1 × 105) transduced with an NF-κB luciferase reporter 
were added to each well and incubated for 24 h at 37 °C. Data were collected 
using a Biotek Synergy 2 plate reader with autoinjector dispensing coelenterazine 
(Nanolight Technology, 303-10) dissolved in propylene glycol and diluted to 
0.01 mg ml−1 in cell media at 25 °C.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The identities and sequences of all constructs used in this study are provided in 
Supplementary Table 1. All other data described in the article are provided in 
the main article and Extended Data figures. Source data for Figs. 3d and 5b are 
available with the paper online.
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Extended Data Fig. 1 | Characterization of engineered cTRP24. a, Circular dichroism (CD) spectra of cTRP24 at 22° and 95 °C shows preservation of 
secondary structure at high temperature. b, Small angle x-ray scattering (SAXS) spectra measured for cTRP24 (left), calculated SAXS spectrum derived 
from the atomic model of the designed protein construct (middle) and a superposition of the experimental and calculated spectra (right).
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Extended Data Fig. 2 | Design and electrophoretic gel visualization of self-assembling, disulfide-stapled cTRP24 nanoparticles. a, The cTRP2412SS 
construct, assembled from dimerization of two identical protein subunits each harboring 12 repeats, with the N- and C-terminal repeat of each containing 
a cysteine residue (described in the main text and in Fig. 2) that enable disulfide stapling. SEC analyses (shown in Fig. 2c) and electrophoretic analyses 
(right panel) both indicate formation of a dimer that contains a mixture of one or two disulfide staples, both of which behave in solution similarly to a 
monomeric, single chain 24-repeat cTRP. b, A cTRP246SS construct, assembled from four identical protein subunits each harboring 6 repeats, with the  
N- and C-terminal repeat of each containing a cysteine residue (described in the main text and in Fig. 2) that enable disulfide stapling. SEC analyses 
indicate that expression and purification yield a cTRP24 that behaves in solution in a similar manner to a monomeric, single chain 24-repeat cTRP. 
Electrophoretic analyses of the same construct generated either via cytosolic expression in E. coli (and then oxidized in the presence of air during 
purification) or via secretion from human HEK cells (oxidized as part of eukaryotic disulfide bond formation mechanism during secretion) indicate that 
disulfides are formed in both cases. However, expression from bacteria generates a mixture of species (harboring 2, 3 or 4 disulfides), whereas expression 
and secretion from human cells generated a more homogeneous population of species primarily consisting of a full complement of disulfide bonds.
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Extended Data Fig. 3 | Functional characterization of additional cTRP constructs. a, A 24-repeat cTRP harboring four copies of the SpyCatcher protein 
domain (cTRP2412SS-Spy) is fully conjugated with four copies of SpyTagged Clover (a derivative of GFP). In this reducing SDS-PAGE gel two bands  
are observed as a result of addition of SpyCatcher, corresponding to capture of 1 or 2 copies of SpyTagged Clover by each 12-repeat protein subunit.  
b, Fluorescence of free Clover and cTRP2412SS-Spy-Clover nanoparticles, as a function of normalized Clover concentrations. Data shown as mean and  
s.d. for n=3 independent experiments. c, Four copies an engineered fluorescence activating protein (‘mFAP’) are inserted into four evenly distributed 
surface loops around the bottom face of the cTRP (‘cTRP246SS-mFAP’). d, Purification and fluorescence activity of cTRP246SS-mFAP. mFAP has 
previously been demonstrated to fluoresce in the presence of exogenous, bound DHFBI fluorophore. The two curves that demonstrate increasing 
fluorescence as a function of protein concentration correspond to the cTRP246SS-mFAP (blue) nanoparticle and to free mFAP (red); as in panel b the 
protein concentrations are normalized relative to the one-versus-four copies of mFAP per molecule. The three curves that do not increase in fluorescence 
as a function of protein concentration correspond to the ‘naked’ cTRP (cTRP246SS), cTRP246SS plus DHFBI, and DHFBI alone. For the latter two 
constructs, the DHFBI concentration is equivalent at each protein concentration to that which is present in the active constructs. Data shown as mean  
and s.d. for n=3 independent experiments.
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Extended Data Fig. 4 | Detection of CMV pp65-reactive CD8+ T-cells diluted into donor PBMCs using cTRP246SS-scMHC and streptavidin-
allophycocyanin (APC) tetramers. a, Forward versus side scatter plot showing an overlay of CMV pp65-reactive T-cells (red contour plot) and donor 
PBMCs (blue contour plot) and the lymphocyte gating strategy used for further analysis. This strategy was used to quantitate CMV pp65-reactive T-cells 
diluted into donor PBMCs as shown in panels c and d. b, Scatter plot showing an overlay of the DAPI-negative lymphocyte gates stained with an anti-His-
APC secondary antibody (Biolegend #362605) confirms that the secondary antibody used to detect cTRP246SS-scMHC does not result in unwanted 
background staining of live cells. c, Representative flow cytometry scatter plot showing quantitation of CMV pp65-reactive T-cells diluted into donor 
PBMCs at a ratio of 1:4 respectively. d, Quantitation of CMV pp65-reactive T-cells at various dilutions using both the cTRP246SS-scMHC (detected using 
the anti-His-APC secondary) and streptavidin-APC scMHC tetramer (SA-Tetramer). Note that the ratios in the first column (CMV:PBMC) represent  
raw cell counts prior to staining.
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Extended Data Fig. 5 | Expression and preliminary characterization of a hexameric cTRP24 harboring N-terminal cargo and a tetrameric cTRP24 
harboring both N- and C-terminal cargos. a, Schematic showing the architecture of the cTRP244SS-scMHC and corresponding non-reducing and 
reducing SDS-PAGE following affinity purification. Under reducing conditions, the protein migrates as a monomer. b, Schematic showing the architecture 
of the cTRP246SS-scMHC-mFAP protein displaying four copies of a scMHC at each N-terminus and four copies of mFAP at each C-terminus, both 
decorating top of the cTRP scaffold. SEC and corresponding SDS-PAGE analysis confirms proper assembly of a functional tetramer.
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Extended Data Fig. 6 | Staining of 4-1BB receptor on activated CD8+ T-cells using cTRP246SS-scTrimer4-1BBL. Flow cytometry histogram showing staining 
of activated CD8+ T-cells (4 days post stimulation with anti-CD3/anti-CD28 beads) with cTRP246SS-scTrimer4-1BBL using a secondary anti-His-iFluor647 
antibody or unstained T cells (left) and a PE-labeled anti-4-1BB mAb (right).
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