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The precise recognition of specific peptide—major histocompatibility complex (pMHC)
complexes by T cell receptors (TCRs) plays a key role in infectious disease, cancer, and
autoimmunity. A critical step in many immunobiological studies is the identification
of T cells expressing TCRs specific to a given pMHC antigen. However, the intrinsic
instability of empty class-I MHC:s limits their soluble expression in Escherichia coli and
makes it very difficult to characterize even a small fraction of possible pMHC/TCR
interactions. To overcome this limitation, we designed small proteins which buttress
the peptide binding groove of class | MHC:s, replacing $2-microglobulin (82m) and the
heavy chain a3 domain, and enable soluble and partially soluble expression in E. coli
of H-2D" and A*02:01, respectively. We demonstrate that these soluble, monomeric,
antigen-receptive, truncated (SMART) MHC:s retain both peptide- and TCR-binding
specificity and that peptide-bound structures of both allomorphs are similar to their
full-length, native counterparts. With extension to the majority of HLA alleles, SMART
MHC:s should be broadly useful for probing the T cell repertoire in approaches ranging
from yeast display to T cell staining.

protein design | major histocompatibility complex | soluble expression | T cell receptor

Recombinantly expressed peptide-major histocompatibility complexes (pMHCs) are
widely used as staining reagents to identify or isolate T cell subsets that recognize a peptide
of interest (1). They are often used to study T cell specificity (2—4), infectious disease (5),
autoimmunity (6, 7), and cancer immunology (8-10). Recombinant pMHC:s are also
critical in determining the structures of peptide/MHC and pMHC/T cell receptor (TCR)
complexes (2, 11, 12). All these discoveries were made despite the significant difficulties
involved in producing the soluble pMHCs necessary for the underlying biophysical,
structural, and functional experiments. The pMHC production process, which involves
separate expression in Escherichia coli of the two MHC chains as insoluble inclusion bodies,
solubilization, and refolding in the presence of the desired peptide (13), is expensive, slow,
and inefficient. To reduce the burden of refolding, systems have been developed wherein
a single refolding reaction is split and loaded with many different peptides (14—17); these
methods have increased the number of peptide variants that can be studied, but are still
limited by the need for refolding. Eukaryotic expression systems that fold the MHC
structure natively (18-22) have been used in peptide library screens where peptide variants
are fused to the MHC and displayed on the cell surface, but can be limited in library size
or expression levels.

The difficulties in producing pMHC:s likely stem from the inherent instability of the
MHC molecule when either a peptide or the f2m subunit is absent. A more stable
MHC:-like molecule that could be readily expressed in £. coli or yeast would enable the
study of peptide-specific T cell populations at a much larger scale. Instead of relying on
specialized facilities to produce refolded pMHC:s for staining experiments (13), immu-
nologists could produce them in-house, dramatically improving their ability to iterate
through multiple peptide variants or MHC alleles. A stabilized native-like MHC could
also facilitate screening of large peptide libraries by yeast display without the need for
prior optimization of the MHC sequence for display.

We reasoned that such a molecule could be created by leveraging the stability of de novo
designed proteins and recent advances in protein—protein interface design (23) to replace
portions of the MHC with a designed protein scaffold. We set out to design soluble, mon-
omeric, antigen-receptive, truncated (SMART) MHC molecules that replace the a3 domain
and the f2m subunit with a small designed protein domain that buttresses the peptide
binding groove of the pMHC. These stabilizing domains should preserve the native peptide-
and TCR-binding properties, and allow soluble expression in the absence of a peptide
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Despite the critical role T cell
receptor (TCR)/peptide-major
histocompatibility complex (pMHC)
interactions play in human health,
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ability to characterize diverse
PMHC/TCR interactions. We
developed a de novo designed
protein domain that stabilizes
H-2D" and partially stabilizes
A*02:01 class | MHC allomorphs,
allowing soluble expression in
Escherichia coli without the need
for a stabilizing peptide and
improving display on the yeast
surface, while maintaining peptide
and TCR binding interactions.
These features facilitate a wide
range of experiments to more fully
understand the nature of pMHC/
TCR interactions and lay the
foundation for the development of
stabilizing domains for all MHC
allomorphs.
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without the need for refolding, providing a peptide-receptive MHC
that can be loaded with arbitrary peptides.

Design of SMART MHCs

Native class I MHCs are composed of a heavy chain, the f2m
subunit, and a peptide (24). The heavy chain al and o2 domains
consist of a f-sheet supporting two a-helices which create a peptide
binding groove that defines the peptide binding specificity of each
MHC-I allomorph and facilitates interactions with TCRs (24).
The heavy chain a3 domain and the f2m subunit are more mem-
brane proximal and function as structural support for the al and
a2 domains (24). The a3 domain additionally provides a binding
site for the CD8 coreceptor on T cells (25). Since class I pMHC
structures are well conserved, we selected the mouse H-2D allele
as a representative in our stabilizing design process (Fig. 14).

We first removed as much of the structure as possible without
disrupting the ability of the MHC to present peptides and interact
with TCRs. Following the precedent of previously published trun-
cated “mini-MHC” systems, we removed the a3 and p2m domains
completely (26, 27) (Fig. 1 B, Left). The truncated MHC heavy
chain (residues 1 to 179) contains a hydrophobic patch on the
underside of its B-sheet which we targeted for our stabilizing
domain design. We used methods developed for protein binder

design (23) to create this de novo stabilizing domain. We collected
a set of candidate backbone structures for the stabilizing domain
(Fig. 1 B, Lef?), docked these backbones against the truncated
H-2DP structure, and designed their sequences to create favorable
contacts with the MHC, replacing the interactions made by the
deleted a3 domain and B2m subunit (Fig. 1 B, Middle). Finally,
we linked each designed stabilizing domain to the N terminus of
the truncated MHC by a poly-GGS linker (Fig. 1 B, Righ).

We screened a total of about 10* designs generated by this
method using yeast surface display (28). We sorted for designs
that enabled the expression of truncated H-2D" on the yeast sur-
face (S Appendix, Fig. S1A4) and were able to bind to a FITC-
labeled gp33 peptide (FITC-gp33) (SI Appendix, Fig. S1B), which
is bound strongly by native H-2D" (29, 30). Expression sorting
provided only slight separation of our designs from sequence-
scrambled negative controls, while peptide sorting created clear
separation between successful designs and controls (Fig. 1 C'and
D). Interestingly, designs containing a Trp residue placed similarly
to W60 of p2m in the native H-2D"/ B2m/gp33 structure were
positively enriched, aligning with previous observations that W60
plays a critical role in the interaction between f2m and the MHC
heavy chain (31, 32).

We identified the 30 designs with the highest peptide-binding

enrichment and expressed them in E. cofi. The best performing

Display Sort
> —— Shuffled (187)
G 0-3 0.4 —— +Trp(92)
o —— -Trp (5156)
o 0.2 0.3 Fig. 1. Design and screening of SMART MHCs. (A)
2 Structure of native H-2D°/p2m/gp33 complex. The Inset
% shows selected interactions that are formed between the
T 0.1 p2m subunit and the a1 and «2 domains. (B) Schematic
8 of the initial design process showing the truncated H-2D°
o with candidate stabilizers (Left), the placement of the
0.0 stabilizing domain (Middle), and the final linked version
-4 -2 0 2 4 used for yeast display (Right). The inset shows selected
log,(Enrichment) > interactions between the stabilizing domain and the a1
2 and a2 domains. (Cand D) Kernel density estimates (KDEs)
E F E. coli G CFE of the distribution of enrichment values of all designs in

either the expression (C) or peptide binding (D) yeast
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display sorts. Designs are split into three categories for
KDE calculations: sequence-shuffled controls (shuffled),
designs that do not replace W60 from p2m (-Trp), and
designs that do replace W60 (+Trp). Relative enrichment
was calculated by dividing design abundances after
the indicated sort by abundances prior to that sort.
(E) Schematic of the iterative improvements from hit6
to the final SMART design, showing the cleavage site
mutations and the redesigned linker. (F) SEC traces of
soluble material from E. coli expression cultures. (G) Total
and soluble yields from CFE reactions for GFP (positive
control) and different H-2DP variants.
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design (hit6; Fig. 1 E, Top) enabled partial folding of empty MHCs
in both yeast and E. coli expression systems. However, in E. col,
only a fraction of the hit6 protein was soluble and was susceptible
to proteolysis, resulting in very low yields (Fig. 1Fand SI Appendix,
Table S7). To improve hit6, we identified likely cleavage sites based
on the masses of the proteolytic fragments, and redesigned the
amino acid sequence near those sites, keeping the amino acids that
directly interact with the peptide or TCR fixed, and biasing toward
amino acids that occur frequently in other MHC alleles (57 Appendix,
Fig. S2). We chose the cleavage site mutant (CSM) with the lowest
degree of proteolysis: CSM8 (Fig. 1 E, Bottom). To distinguish
between these variants, data in all figures are colored teal or yellow
to indicate hit6 or CSMS8, respectively.

We tested the expression of the SMART constructs in a cell-free
expression (CFE) system compatible with a variety of high-throughput
screening methods (33—41). Engineered CFE systems can produce
high protein yields (39) and create oxidizing environments for
disulfide bond formation, which is needed for MHC folding (40—
42). The CFE results confirmed the E. coli results, demonstrating
that, in contrast to the native H-2D", the stablhzed designs can be
expressed solubly, and that CSM8 H-2D" is expressed more effi-
ciently than hit6 H- 2D° (Fig. 1G). These results indicate that
SMART MHC:s can be expressed in a variety of systems that are not
compatible with soluble expression of native MHC-I molecules.

SMART H-2D" Retains Native Binding
Properties and Structure

To verify that the soluble, peptide-free CSM8 H-2D" material
produced in E. coli retained the functional characteristics of the
native MHC, we first measured the binding affinity of CSM8

H-2D" for FITC-gp33 using fluorescence polarlzatlon (FP). These
measurements demonstrated that CSM8 H-2D" binds FITC-gp33
with an apparent dissociation constant (K, ,,,) below 1 nM
(Fig. 2A); this value is lower than the prev10usly reported value of
21 nM for native H-2D" (43, 44), likely because a competitor
peptide was included in the native measurement.

Next, we assessed the bmdmg affinity of the H-2D"/gp33-specific
P14 TCR to CSM8 H-2D" loaded with three variants of the gp33
peptide that bind to H-2D" with similar affinity but altered rec-
ognition by the P14 TCR (29, 45) (Fig. 2B). Surface plasmon
resonance (SPR) rneasurements revealed TCR binding affinities
similar to native H-2D"/ peptide complexes for all three variants
(45) (Table 1, Fig. 2C, and SI Appendix, Fig. S3), further indicat-
ing that our stabilizing domain maintains the peptide-binding
domain and peptide in a native-like conformation.

As a final Vahdatlon of our design, the crystal structure of the
CSM8 H-2D"/gp33 complex was determined to 2.0 A resolution.
This high resolution allowed us to analyze the interactions formed
between the peptide binding cleft and the stabilizing domain
underneath, as well as to compare the conformation of the pre-
sented peptide, and of residues known to be essential for TCR
recognition, with the native H-2Db molecule presenting the same
epitope (30, 46). The structures of the peptide binding groove and
full CSM8 H-2D" design closely matched the native structure
and design model, with Ca-RMSDs of 0.60 A over 176 atoms,
and 0.70 A over 233 atoms, respectively (Fig.2 D and E).
Examination of the region surrounding the f2m tryptophan res-
idue W60 revealed that the Trp side chain takes a similar confor-
mation in the CSM8 design model and both crystal structures
(Fig. 2F). Furthermore, the peptide backbone aligns well with the
native conformation, and the side chains display only minor
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Table 1. P14 TCR binding affinities of CSM8 H-2D" in
complex with three gp33 peptide variants

Peptide CSM8 H-2D"  Native H-2D"
Peptide name  sequence affinity affinity’
gp33 KAVYNFATM 141 +0.8yM 8.6 + 0.4 uM
PF KAPFNFATM  75.6 £ 4.3 uM 80 + 22 uM
Y4F KAVFNFATM 609 + 64 uM No binding
detected

CSM8 affinities are calculated by fitting a standard binding curve to the equilibrium bind-
ing SPR values. Mutations relative to the gp33 sequence are shown in bold.

Values are reported as fitted KD + 1 SD (as determined curve-fitting covariance).

Native affinities were measured previously by Duru et al. (45).

changes between the two crystal structures (Fig. 2G). These small
changes, along with a few minor shifts elsewhere in the CSM8
H-2D" structure could explain the slight deviations in binding
affinities observed in our SPR experlments Overall, these results
demonstrate that CSM8 H-2D retains the structural features that
allow peptide and TCR binding, without the need for refolding.

CSM8 HLA A*02:01 Displays Partial Solubility
and Stability

Next, we tested the generalizability of our stabilizing domain to other
MHC allomorphs Based on the structural and sequence similarity
of H-2D" to many HLAs we did not introduce any modifications to
the stabilizing domain, varying only the MHC sequence. We selected
HLA A*02:01 due to its high frequency across different ethnic groups
(47), and the large number of well-characterized peptide epitopes
and TCRs that bind to it (48, 49). Although the CSM8 A*02:01
construct could be expressed in a soluble form in E. coli, a portion
of the soluble material was in a dimeric (and likely misfolded) state,
which reappeared after isolation of the monomeric fraction (Fig. 34).

To test the ability of CSM8 A*02:01 to present peptides, we
selected the tumor-associated antigen, NY-ESO-1 (50) and the
well-characterized NY-ESO-1/A*02:01-specific TCR, 1G4 (49).
We used FP methods very similar to those used to evaluate
SMART H-2D" to measure the Kp, pp of NY-ESO-1 to CSM8
A*02:01 and found it to be well above 1 puM (Fig. 3B), much
weaker than the mid-nM affinities measured for the native
A*02:01 using competition binding assays (51, 52). The TCR
binding affinity was similarly impacted, resulting in roughly
15-t0-20-fold weaker binding than reported values for native
A*02:01 (49) (Table 2 and S Appendix, Fig. S4 A and B).

We reasoned that these differences in affinity resulted from a
lowered effective concentration due misfolding and dimerization.
Therefore, we prepared CSM8 A*02:01/NY-ESO-1 complexes by
standard refolding procedures and measured their affinity for the
1G4 TCR. We found that these affinities were much closer to the
expected native afhinities (Table 2, Fig. 3C, and S/ Appendix,
Fig. S4 C and D), although they were still weaker by roughly
twofold to threefold. The improvement in affinity achieved by
refolding, and the similar ratio of affinities between the two pep-
tide variants across all formats, indicates that CSM8 A*02:01 can
maintain a native-like structure, but only for a small fraction of
molecules in solution. Overall, these data suggest that our stabi-
lizing domain generalizes weakly to new allotypes, providing lim-
ited stabilization and solubility to A*02:01.

The SMART Stabilizer Facilitates Yeast Display
of A*02:01

As noted above, yeast display can be a powerful tool to screen
libraries of peptide variants for TCR binding (19, 22). Thus, we
evaluated the ability of SMART A*02:01 to express on the yeast

https://doi.org/10.1073/pnas.2505932123

surface and bind a known TCR. We compared hit6 and CSM8
versions to assess the impact of the cleavage site mutations in this
expression system. We fused the TAX9 peptide (53) to both var-
iants, including the W167A MHC mutation to accommodate the
peptide linker (19) (SI Appendix, Fig. S5B). We compared the
SMART A*02:01 designs to native A*02:01 single-chain trimers
(SCT) (81 Appendix, Fig. S5A) and found that it is displayed at
higher levels, and achieved similar levels of binding to the high-
affinity A6c134 TCR (48, 53) without binding to unrelated TCR
or streptavidin (SA) controls (Fig. 3 D and E and S/ Appendix,
Fig. S5). Hit6 but not CSM8 was stained by an anti-A*02:01
antibody, suggesting that both variants are properly folded, but
the cleavage site mutations prevent antibody recognition. Thus,
SMART A*02:01 enhances yeast expression levels of HLA
A*02:01 while retaining TCR binding specificity.

CSM8 A*02:01 Presents TAX9 Peptide to a TCR
in a Native-Like Manner

To investigate whether CSM8 A*02:01 presents peptides and
interacts with TCR in a native-like way, we determined the crystal
structure of CSM8 A*02:01/TAX9 complexed with the A6¢c134
TCR. As in our SPR experiments with this allotype, refolding
methods were necessary to make sufficient quantities of mono-
meric CSM8 A*02:01 for crystallography. We found excellent
agreement between CSM8 and native A*02:01 within the HLA
(Ca-RMSD 0.40 A over 161 atoms) and TAX9 peptide (all-atom
RMSD 0.51 A) (Fig. 44). CSM8 A*02:01 conserves the extensive
hydrogen bond and hydrophobic contact network to the C and
N termini of the TAX9 peptide (Fig. 4B and SI Appendix, Fig. S6).

We further found that the TCR variable domains engage
CSM8 A*02:01 nearly identically to native A*02:01 [Ca-RMSD
0.54 A for 69 atoms in the complementarity determining region
(CDR) loops]. Though not all side chains are clearly visible in
the electron density, those that are observed suggest that most or
all residue contacts from the native complex are retained. In par-
ticular, we observe hydrogen bonds from the TCR B chain to the
a2 helix of CSM8 A*02:01 including Glu102* to H221 and
Ala101” to Ala220. At the o2 helix, the TCR a chain contributes
hydrogen bonds from Asp99® and Thr98" to Arg135 and GIn30”
to K136 and also an extensive hydrophobic interaction between
Trp101 and the surface formed by GIn132, Ala139, and Lys138
(Fig. 4C) A6c134 also makes four hydrogen bonds to TAX9:
Glu30” to Tyr8, Ser100 to Gly4, Ser31° to Tyr5, and a main-
chain-mainchain contact between Ser100* and Gly4 (Fig. 4D).
The peptide conformation in the CSM8 and native A*02:01/
TAX9/A6c134 crystal structures is conserved, with an all-atom
RMSD of 0.479 A (Fig. 4E). The close agreement of the CSM8
and native structures, in conjunction with peptide and TCR bind-
ing data, suggests that, despite issues with soluble expression,
CSM8 A*02:01 can present peptides in the same conformation
as native A*02:01.

Rigid Linker Design Improves Expression and
Maintains Peptide and TCR Binding

Although we were able 0 purify soluble material for SMART
versions of both H-2D" and A*02:01, yields were lower than
desired (SI Appendix, Table S7), likely due to aggregation during
expression. We hypothesized that this aggregation was due, in part,
to the flexibility of the poly-GGS linker connecting the stabilizer
to the MHC. Thus, we used inpainting, ProteinMPNN, and
AlphaFold2 (54-56) to generate rigid linkers to replace the flexible
linker in CSM8. We refer to the most soluble of these improved
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refolded CSM8 A*02:01 presenting variants of the NY-ESO-1 peptide to immobilized 1G4 TCR. (D and E) yeast display data for hit6 (teal), CSM8 (yellow), or full-
length SCT (gray) A*02:01 stained with an anti-HA antibody and either SA A6c134 TCR tetramers, control TCR (TCR156) tetramers, anti-A*02 antibody, or a SA
control. (D) Anti-HA MFIs for the HA+ population of each sample, normalized to the maximal MFI of the HA- population. (E) Fraction of HA+ yeast cells that are

also stain+ for the anti-A*02 or TCR tetramer stain in each sample.

designs as CSM8-L11 throughout the remainder of the text
(denoted by purple coloring). As intended, the rigid linker signif-
icantly improved yields in both E. coli and CFPS expression sys-
tems and reduced aggregation for H-2D" without impacting the
gp33 binding affinity (57 Appendzx, Fig. S7 and Table S7).

We also found CSM8-L11 H-2DP to be highly shelf-stable, retain-
ing strong peptide binding affinity after storage for at least 1 mo at
4 °C, and showing only a minor decrease in affinity following mul-

tiple freeze/thaw cycles (ST Appendix, Fig. S8 A and B). To further

Table 2. 1G4 TCR binding affinities for CSM8 A*02:01 in
complex with NY-ESO-1 peptide variants

Soluble Refolded
CSM8 CsmM8 Native
A*02:01 A*02:01 A*02:01
Peptide Peptide affinity affinity afﬂnlty
name sequence (pM) (pM) (pM)
NY-ESO-1 SLLM- 186+16 36.5+0.60 13.3+0.4
WITQC
NY-ESO- SLLM- 98.2+42 11.5+£034 57x02
1-9v WITQV

CSM8 affinities are calculated by fitting a standard binding curve to the equilibrium
binding SPR values. Mutations relative to the NY-ESO-1 sequence are shown in bold.
“Values are reported as fitted Ky + 1 SD (as determined curve-fitting variance).

"Measured previously by Chen et al. (49).
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assess peptide binding and stability, we measured c1rcular dichroism
(CD) spectra and melting curves for CSM8-L11 H-2D" in the pres-
ence and absence of the gp33 peptide. The CD spectra are consistent
with the mixed of fold of the design model (S7 Appendix, Fig. S8C),
while the melting curves demonstrate a clear stabilization of the fold
in the presence of the peptide (87 Appendix, Fig. S8D).

After conﬁrmlng that the rigid linker improved solubility and
stability of H-2D", we tested its ability to improve these properties
in A*02:01. We found that the yields were comparable (S7 Appendix,
Table §7), although CSM8-L11 A*02:01 was somewhat more
prone to aggregation than CSM8 A*02:01 (SI Appendix, Fig. S9A).
Despite the increased aggregation, CSM8-L11 showed a slight
improvement in K, ,,, when binding to the NY-ESO-1 peptide,
and similar A6c234 TCR binding in yeast display experiments
(SI Appendix, Fig. S9 B-F). In combination with the improvements
observed in H-2D", these results suggest that the rigid linker rep-
resents an overall improvement to SMART MHC:s and therefore
focused on this improved design in subsequent experiments.

CSMB8-LT1 Solubilizes Several Additional
Common HLA Allomorphs

Given the improvements in expression observed with CSM8-L11,
we expressed 15 human HLA allomorphs using this stabilizing
domain in E. coli and performed small-scale purification using
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HPLC. CSM8-L11 versions of many allomorphs exhibited peaks
in the expected monomeric range, though many also displayed
dimeric and aggregate peaks (Fig. 54). Notably, HLA A*03:01
and HLA A*01:01 demonstrated high protein expression, and
HLA B*07:02 showed the highest monomeric fraction (Fig. 5B).
The presence of a significant dimeric or aggregated population,
particularly in allomorphs with high expression, indicates that
the stabilizer was ineffective at simultaneously promoting high
protein expression and monomeric behavior across diverse
HLAs. However, four allomorphs showed increased expression,
and three showed reduced dimerization compared to CSM8-L11
A*02:01, suggesting potential for improvement through minor
redesign.

We next compared the expression of native, full-length HLAs
with their CSM8-LI11 versions, with and without genetically
linked peptides, usin§ CFE. Soluble protein levels were measured
using radiolabeled C-Leucine incorporation (Fig. 5C). About
93% (27/29) of SMART HLA constructs showed increased sol-
uble expression vs. their full-length counterparts, with an average
5.6-fold improvement and several exceeding 10-fold. Enhanced
solubility in CFE may result from reduced crowding, a more oxi-
dizing environment, or DsbC chaperone activity. Together, E. coli
and CFE data suggest that while the stabilizing domain aids sol-
ubilization, further optimization is needed to reduce aggregation
and enhance generalizability across HLAs.

https://doi.org/10.1073/pnas.2505932123

Fig. 4. The crystal structure of the CSM8
A*02:01/TAX9/A6c234 complex reveals a
native-like TCR docking footprint. (A) crystal
structure aligned to the HLA chain of the
native A*02:01-TAX/A6¢134 structure (PDB
ID 4FTV, gray). For the CSM8 structure, the
a chain is shown in salmon, the p chain in
light blue, TAX9 peptide in light orange,
and CSM8 A*02:01 in light green. The a1
and a2 helices of the CSM8 molecule are
labeled for reference. (B) CSM8 A*02:01
interactions with the N terminus (Left)
and C-terminus (Right) of TAX9 peptide.
Interacting residues are shown as sticks,
and hydrogen bonds are shown as dashed
lines. (C) CSM8 A*02:01 interactions with
the B (Left) and « (Right) chains of the
A6c234 TCR. (D) Top view of CSM8 A*02:01
(shown as surface representation) with
TCR CDR loops shown as tubes (Center);
CDR loops from the native structure are
shown in gray. Peptide contacts from
the B chain (Left) and o chain (Right) are
shown as Insets. () Comparison of the
TAX9 peptide in the two crystal structures,
aligned on the a1 and a2 domains of the
presenting molecules.

I Native xtal
" CSM8 xtal

Peptide-Fused SMART MHC Oligomers Stain
T Cells in a TCR-Specific Manner

An important application of pMHGC:s is the staining and identifi-
cation of T cells using pMHC tetramers (1). We therefore tested
whether CSM8-L11 H-2D" could be converted into a similar mul-
timeric staining reagent. Rather than using SA to tetramerize our
designs, as is typically done, we chose to directly fuse them to a de
novo designed oligomeric protein which assembles into a tetrahedral
architecture containing 12 subunits (57). This allowed us to omit
the biotinylation step necessary for SA-based tetramerization (58).
To improve folding and assembly of oligomeric CSM8-L11 H-2D",
we fused a peptide of interest to the N terminus of the construct
along with a SUMO tag. Coexpression of the Ulp1 protease allows
the N terminus of the peptide to be cleanly cleaved, enabling it to
bind properly in the peptide binding groove. The Y84A mutation
in the H-2D” sequence was used to accommodate the peptide linker
(59). We fused a Myc tag to the C-terminus of the oligomer to allow
for antibody staining (57 Appendix, Fig. S10 A-C).

To assess the ability of the CSM8-L11 H-2D* MHC oligomers
to stain T cells, we mixed two populations of Jurkat T cells: one
expressing the P14 TCR (Fig. 64) and the other expressing the
unrelated TCR, OT-I (60) (SI Appendix, Fig. S10 D and E). To
distinguish the two cell lines independently of TCR staining, we
labeled the OT-I Jurkats with CFSE dye. We fused CSM8-L11
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Fig. 5. Stabilization of multiple HLA alleles using the CSM8-L11 stabilizer. (A) SEC traces for empty CSM8-L11 HLAs. Expected monomer range for the S200 column
on the HPLC is 2.1 to 2.4 min (shaded region). (B) Plot of CSM8-L11 HLA expression statistics showing total area under the SEC curve vs. the fraction of the sample
that is monomeric. Colors for labeled points match colors in (A). (C) Heatmap of native and CSM8-L11 HLA CFE soluble expression levels with (+) and without (-)
a linked peptide. Soluble protein (uM) was quantified using radioactive “C-leucine incorporation. Average of three replicates (n = 3) is shown for each construct.

H-2D" oligomers to gp33 peptide variants with known affinities
to the P14 TCR (29, 45) and assessed their ability to stain the T
cell mixture. Our T cell staining data reflected previously observed
trends in native pMHC/TCR binding (29, 45); the highest affinity
variant (V3P) showed the brightest staining, with staining inten-
sity decreasing with decreasing affinity (Fig. 6 and S/ Appendix,
Fig. $10). However, the YAF variant showed clear staining in our
experiments, despite prior work showing that the P14 TCR does
not recognize this peptide (45). This non-native behavior matches
our SPR measurements showing weak binding of the P14 TCR
to CSM8 H-2D"/Y4F (Fig. 20), indicating that this behavior is
consistent across experimental contexts. The detection of binding
to Y4F in both experimental settings suggests that this difference
from native behavior likely results from mmor structural differ-
ences between SMART and native H-2D", rather than specific
features of the oligomeric format used here. Nevertheless staining
was both TCR- and peptide-specific, suggesting that CSM8-L11
H-2D" oligomers could be used alongside pMHC tetramers to
more easily identify and isolate pMHC-specific T cells.

CSM8-L11

e OT-l
. P14

Native

10 P14 TCR Affinity

Staig MFI

=
o
N

[T
(=9

V3P
Y4F

S
e}

M9C

m

m
Q
(o)}

gp33

Fig. 6. Peptide-fused SMART MHC oligomers stain T cells in a TCR-specific
manner. Bar plots indicating mean and SD (n = 3) of staining intensities for
native tetramer controls (left of the dashed line) or CSM8-L11 oligomers fused
to various gp33 peptide variants (right of the dashed line).
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Discussion

Our success in creatmg a single stablhzmg domain that allows
soluble expression in E. coli of H-2D" and partial solubilization
of A*02:01 and other HLAs provides a strong foundation for a
generalizable stabilizing scaffold for other MHC-I allomorphs
Our structural and biochemical data confirm that SMART H-2D"
maintains critical peptide and TCR interactions, while SMART
A*02:01 shows weakened binding interactions. Our structural
data also show that, for both allomorphs, the conformation of the
presented peptide is nearly identical to the native conformation,
and that for refolded CSM8 A*02:01, the TCR binds through the
same set of interactions in both the native and SMART complexes.
Recent work has also demonstrated that the reduced size of
refolded SMART A*02:01 facilitates rapid characterization of
peptide- and TCR- MHC interactions via NMR (61). Thus,
SMART MHGC:s can provide an accessible complement to con-
ventional MHCs, bypassmg the need for refolding and improving
stability for H-2D", and providing a convenient miniaturized form
for A*02:01.

In addition to their utility in biophysical and T cell staining
experiments, SMART MHC:s could improve high-throughput
measurements of pMHC/TCR interactions. Their high expres-
sion levels on the yeast surface could expedite screening of
pMHC/TCR interactions in yeast display experiments.
Additionally, the soluble expression of SMART MHCs in
cell-free systems opens unique routes to characterize pMHC-
TCR interactions in high throughput by taking advantage of
the scalable nature of CFE (33, 37, 62, 63). Finally, the ability
to produce a tetramer-like T cell staining reagent without
labor-intensive refolding protocols has the potential to reduce
the barriers to performing T cell tracking or sorting experiments.
The SMART system could dramatically increase the number of
peptide and MHC variants that can be tested, enabling improved
tracking of immune responses to infectious disease, identifica-
tion of cancer-targeting T cell clones, and many other applica-
tions. To fully realize this potential, the SMART design will
need further improvement, as many HLAs are not expressible
in functional form with the SMART domain fusion (Fig. 5).
With such improvements, SMART MHCs have the potential
to rapidly accelerate our understanding of T cell behavior and

TCR specificity.
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Limitations and Future Work. The SMART MHCs presented
here are prototypes for a de-novo design strategy to produce small,
modular MHC proteins; further refinement of these designs will
be necessary before they can be used as general reagents with
broad utility across MHC allotypes. While we were able to express
a significant soluble fraction of H-2D" in the cytosol of E. coli,
our results with A*02:01 and other HLAs were less successful.
Furthermore, only a fraction of soluble A*02:01 is in a peptide-
receptive state, and this allotype was prone to dimerization and
showed weakened binding affinities. While SMART A*02:01
showed display on yeast by TCR staining, library generation for
TCR selection with this scaffold has not yet been achieved. Other
SMART HLAs showed signs of similar liabilities, though they
were not tested extensively. To overcome these limitations and
make SMART MHC:s broadly useful in a variety of biochemical
and immunological applications, next generation versions are
focused on screening for stabilizers that promote both peptide

and TCR binding across diverse MHC allotypes.

Methods

Stabilizer Library Design. We used previously developed computational
methods to design protein binders for arbitrary target proteins (23) to design
this stabilizing domain. The "target” supplied to this method was the a1 and
o2 domains of the H-2DP structure (PDB: 157U). Briefly, we docked scaffolds to
the underside of the truncated structure and designed favorable interactions,
including some taken from the native interactions with 2m. Designs were fil-
tered for the quality of the stabilizer and the interactions it made with the MHC,
as previously described (23). We also included a set of negative control designs
made by randomly scrambling the sequence (while conserving the pattern of
hydrophobic and hydrophilic residues) of a random subset of the designs. A
detailed description of this protocol is provided in https://github.com/wlwhite-
tufts/code-for-SMART-MHC-manuscript (64).

Yeast Display Screening of Stabilizing Domains. Yeast display was performed
as previously described (23) with the following changes. Rather than screening
our designs for binding to the a1 and o2 domains of H-2D", we fused the designs
to those domains using a flexible poly-GS linker and screened them for surface
display and binding to a FITC-labeled gp33 peptide (KAVYNFATM), with FITC
linked to the amine on the lysine side chain. Sorted populations were subse-
quently cultured, and plasmid DNA was extracted for sequencing. FITC-gp33 was
purchased from GenScript as a custom peptide synthesis.

CFE and Radioactive Quantification of Soluble Protein Yields. CFE reactions
were prepared with a version of the existing PANOx-SP formulation that uses glu-
tathione and DsbC to create an oxidizing environment (34-36), and YC-leucine
for later measurements of yield. All components were added together on ice
(37, 39). This final reaction mixture was added to 6.66% v/v unpurified linear
DNA PCR products (LETs) in triplicate (63, 65) and incubated at 30 °C overnight.
Samples were spunat 16,000 x g for 10 min at4 °Cto separate total and soluble
protein fractions. Supernatants were incubated at 37 °C for 20 min with 0.25 N
KOH. Fractions were spotted on a 96-well filtermat (Rewvity 1450-421), dried,
washed, and coated with wax, and protein yields were quantified with a scintilla-
tion counter. Further details are provided in S/ Appendix, Supplemental Methods.

Cleavage Site Mutation Design. Cleavage site design was used to make muta-
tions to the MHC sequence to reduce proteolysis withoutimpacting peptide or TCR
binding. First, a multiple sequence alignment (MSA) of MHC protein sequences
was collected using PSI-BLAST (66). Next, the MSA was converted into a position-
specific score matrix (PSSM) denoting the likelihood of observing each possible
amino acid at each position in the MSA. Standard Rosetta design protocols (67)
were modified to allow mutations to amino acids that had likelihoods above
a specified cutoff and to only allow mutations at sequence positions near the
preidentified cleavage sites. Design was further restricted to prevent mutations
in residues with side chains that could interact with a bound peptide or TCR. All
CSMs were designed based on the hit6 design model, and the highest scoring
designs were selected for experimental testing based on a combination of Rosetta

https://doi.org/10.1073/pnas.2505932123

metrics relating to the quality of the design model and strength of the interface.
Adetailed description of this protocol is provided in https://github.com/wlwhite-
tufts/code-for-SMART-MHC-manuscript (64).

Peptide Binding Affinity Measurements. Three technical replicates of vary-
ing concentrations of SMART MHC were mixed with a constant concentration of
fluorophore-labeled peptide (300 pM FITC-gp33 for H-2D" and 10 nM AF488-
NY-ESO-1 for A*02:01) and incubated overnight at room temperature to allow
equilibration. FP measurements of these samples were made with a Synergy
Neo? plate reader (BioTek instruments) with a 485/530 FP filter. Binding curves
[using the nonsimplified equilibrium binding equation (68)] were fitted sepa-
rately to each of the triplicate measurements and averaged to determine the Kp,.
The peptides used in these experiments were synthesized in-house using the
methods described above.

CD Measurements. Purified soluble SMART H-2D" was diluted to 0.3 mg/mL
(9.0 uM)in 25 mMTris (pH 8.0), 150 mM NaCl, and 5% glycerol. The gp33 peptide
stock was prepared by dissolving dry peptide (purchased from GenScriptas a custom
synthesis) to 2 mg/mL (1.52 mM) in methanol. Twofold molar excess of peptide
stock (or an equivalent volume of methanol) was added to the protein sample
and incubated at 4 °C overnight. CD spectra were measured using a Jasco J-1500,
and melting curves were measured in increments of 0.5 °C at a rate of 2 °C/min.

SPR Measurements. TCR binding affinities were measured as previously
described (45), using CSM8 H-2D" as the mobile phase. All measurements
were performed on a BlAcore T200 (GE Healthcare) at 20 °Cin HBS with 0.005%
Tween-20 and 3 mM EDTA. Soluble P14-6xHis (0.75 uM) was bound to immo-
bilized anti-His on a CM5-chip. Varied concentrations of freshly produced CSM8
H-2D"/peptide complexes were injected overthe chip surfaces, maintained at 4 °C.
Chip surfaces were regenerated using a low pH buffer after each injection. The
final signal was calculated by subtracting the signal obtained on the control (no
TCR) surface from the signal on the TCR-coupling surface. SPR data were analyzed
with BlAevaluation 3.0 software (Cytiva), K, values were obtained from steady-
state fitting of equilibrium binding curves from at least 10 sample injections.
Both A*02:01 and H-2D" SPR measurements were performed using the same
approach. Further details are provided in S Appendix, Supplemental Methods.

csmg H-2D® Crystallography. Crystallization of CSM8 H-2D"/gp33 was
performed using the sitting-drop vapor diffusion method at 293.15 K. Drops
were set up using 0.15 uL CSM8 H-2D%gp33 and 0.15 pL reservoir solution
(0.2 M sodium acetate trihydrate, 0.1 MTRIS hydrochloride pH 8.5, and 30% w/v
polyethylene glycol, PEG 4,000), equilibrated against 50 L reservoir solution.
Crystals appeared after 6 to 13 d and were cryoprotected with a solution contain-
ing an additional 7.5% w/v PEG 4,000 and harvested using mounted CryoLoops
(Hampton Research). Subsequently, the crystals were flash-frozen in liquid nitro-
gen fortransportation and data collection. Diffraction images were collected in the
automatic beamline ID30 at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France. Diffraction data were processed using autoPROC (69). The
crystal structure was determined by molecular replacement with Phaser-MR in
PHENIX (70) with the design model employed as the search model. Refinement
was performed with PHENIX, followed by manual model building with Coot (71),
and final refinement with PHENIX (72-74). Figures were generated using PyMOL
Molecular Graphics System (Schrddinger). The final coordinates/structure factors
have been deposited in the PDB with accession code 9HY4 (75).

Peptide-Fused Yeast Display. Yeast display of peptide-fused hit6, CSM8, and
SMARTA*02:01 was performed as previously described (19). In brief, 50 ng pCT
or pYAL plasmids encoding corresponding full length or hité, CSM8, and SMART
A02 constructs with TAX were electroporated into competent EBY100. The EBY100
was cultured in YPD medium for 1 h at 30 °C, spun down, and continued to grow
in SDCAA medium for 48 h before induction in SGCAA for 48 h. Display levels
were evaluated with fluorophore-conjugated anti-HA and anti-A*02:01 (clone
BB7.2) antibodies, and TCR binding was evaluated with TCR tetramers made by
combining soluble biotinylated A6 TCR with fluorophore-conjugated SA.

A6C134/CSM8 A*02:01/TAX9 Crystallography. Purified A6c134 TCR was com-
bined with equimolar refolded CSM8 A*02:01/TAX9 and purified on a Superdex
$200 10/300 Increase column in HBS. Diffraction-quality crystals were grown
by microseed matrix screening. Diffraction images were collected at NSLS-2
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beamline 17-ID-1 at Brookhaven National Laboratory. The structure was solved
by molecular replacement and refined using data to 3.4 A resolution. Detailed
crystallographic methods can be accessed in S/ Appendix. An example of elec-
tron density at the final stage of refinement is shown in S/ Appendix, Fig. S6.
Data collection and refinement statistics are presented in S/ Appendix, Table S2.
Structure figures were generated using PyMOL. Structure factors and final model
coordinates have been deposited in the PDB with accession code INDS, and
diffraction images have been deposited in the SBGrid Databank.

Linker Design. Linker design was used to replace the flexible GS linker used
in the yeast display screening with a shorter, structured linker. Starting with
the design model of the CSM8 variant, we used existing “inpainting” methods
(55) to fill in a small segment of protein structure, bridging the gap between
the C-terminus of the stabilizer and N terminus of the MHC. Sequences for the
resulting protein backbones were designed using ProteinMPNN (54), restricted to
changing only the amino acids in the "inpainted” structure. Finally, the resulting
designs were evaluated using AlphaFold2 (56) predictions with the MHC structure
provided as a template. Designs with high overall pLDDT scores and low PAE
scores for residues in the MHC/stabilizer interface were selected for experimental
testing. A detailed description of this protocol is provided in https://github.com/
wlwhite-tufts/code-for-SMART-MHC-manuscript (64).

Small-Scale Expression and SEC of HLA Alleles. Genes encoding CSM8-L11
HLAs were cloned into expression vector LM0627 (Addgene 191551) contain-
ing the MSG residues at the N terminus and a SNAC linked to 6xHis tag at the
C-terminus, and transformed into E. coli. Cells were grown at 37 °C to an 0Dy,
of 1 in TB-Il with Kanamycin, induced with IPTG, and moved to 16 °C for over-
night expression. Cells were pelleted and lysed with BugBuster®, and insoluble
material was removed by centrifugation. Soluble lysate was purified in a 96-well
plate using Ni-NTA affinity chromatography, filtered, and analyzed using HPLC
(Agilent) with an S75 column (Cytiva).

T Cell staining. OT-1 TCR Jurkat cells were stained with CFSE and washed. OT-I
and P14 Jurkat lines were mixed in equal numbers and resuspended to 1 M
cells/mLin 100 pLof staining solution containing either a native MHC tetramer
(PE/H-2K/OVA or APC/H-2D"/gp33) or CSM8-L11 H-2D"/peptide oligomer and
incubated at 4 °C for 30 min, and washed. Oligomer-treated cells were then
stained with AF647-anti-Myc, washed, and resuspended in HBH for analysis
on an Attune Nxt flow cytometer. Further details are provided in S/ Appendix,
Supplemental Methods.

Data, Materials, and Software Availability. Atomic coordinates for the CSM8
H-2D"/gp33 and CSM8 A*02:01/TAX9/A6c13 have been deposited in the PDB
with the accession codes 9HY4 (75) and INDS (76) respectively. Data and code
used to create the figures, as well as details of the computational design proto-
cols, are provided on GitHub: https://github.com/wlwhite-tufts/code-for-SMART-
MHC-manuscript (64). Sequences described in this paper are listed in S/ Appendix,
Tables S3-Sé. All other data are included in the manuscript and/or supporting
information.
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