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The development of complex antibody therapeutics requires
building blocks with high binding specificity, favorable bio-
physical traits, and a high degree of humanness. Single-domain
antibodies (sdAbs) have emerged as promising candidates due
to their small size, stability, and versatility. While originally
derived from camelids and cartilaginous fish, humanized and
human sdAbs are now accessible via synthetic libraries and Al/
Ml tools. Multiple sdAb phage display libraries have been
created using different scaffolds, but systematic comparison is
difficult due to varying methodologies. In this study, we report a
side-by-side evaluation of five sdAb scaffolds frequently used in
synthetic display libraries. Using sequence analysis, biophysical
assays, and AlphaFold-based structure prediction, we evaluated
performance across key parameters, including humanness,
expression yield, hydrophobicity, monomericity, stability, and
display efficiency. Analyzed camelid sdAbs exhibited superior
biophysical traits, but the lowest degree of humanness. On the
other hand, analyzed sdAbs based on human or humanized VHs
show close sequence homology to human germline sequences,
but limitations in biophysical traits. Furthermore, we observed
that mutations aimed at improving stability or humanization
compromised biophysical properties. Our findings underline
the complexity of multi-parameter optimization of sdAbs.
Simultaneously, they highlight the continued value of synthetic
display libraries for application-focused discovery of sdAbs for
advanced therapeutic antibody formats.

Since the approval of the first monoclonal antibody nearly
4 decades ago, therapeutic antibodies have become a
cornerstone of targeted medicine (1). Antibodies have evolved
from immune-derived proteins into modular platforms that
can be engineered, reformatted, or functionalized into
advanced therapeutics such as multispecific antibodies (2, 3),
antibody-drug conjugates (4, 5), or engineered immune cells
(6).

Numerous antibody-derived or synthetic binder formats
have been developed to preserve or mimic this binding
capability (7, 8). Common truncated formats include Fab
(Fragment antigen-binding) and scFv (single-chain Fragment
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variable). While scFvs offer structural simplicity and small
size, the lack of CL/CH1 domains and stabilizing disulfide
bonds often results in instability (9—11).

Engineered scFv variants (12), alternative scaffolds (7), and
Al/Ml-designed binders (13) have been introduced to over-
come these limitations. Among them, single-domain anti-
bodies (sdAbs) derived from heavy-chain antibodies (hcAbs)
in camelids and cartilaginous fish (14) show exceptional
promise. Their minimal size and high intrinsic stability make
them ideal as universal antibody building blocks.

For therapeutic use, however, human-like sequences are
preferred to minimize anti-drug immune responses. Conse-
quently, the discovery of fully human or humanized anti-
bodies has become a major focus (1, 15-17). Typically
performed post-discovery, humanization can be laborious and
may compromise binding, stability, or yield.

Advances such as in vitro display (18, 19) and humanized
mice (20) have enabled the generation of fully human anti-
bodies. This approach shifts humanization from an iterative
modification performed post-discovery to a preemptive
design step, demanding careful scaffold selection and CDR
diversity control. For sdAbs, this is particularly challenging
since framework residues critically affect monomer stability
(21). Nonetheless, several synthetic in vitro libraries have
successfully addressed this by using rare human VH se-
quences with intrinsic monomer stability (22—25), by camel-
izing human VH frameworks (26-28), or by humanizing
highly stable camelid VHHs (29). Each approach presents
tradeoffs between developability and biophysical robustness.

To help understand how these strategies influence key
antibody characteristics, we compared five sdAb scaffolds
frequently used in synthetic phage-displayed libraries—
spanning human VH to camelid VHH—in parameters such
as expression yield, monomericity, hydrophobicity, storage
stability, and phage display efficiency.

Results
Analyzed sdAb scaffolds

In this study, we analyzed five sdAb scaffolds previously
described for constructing synthetic phage display libraries:
HEL4, VHB1a, VHBlag, hs2dAb, and sdAbD10. These scaf-
folds span a sequence gradient from human (HEL4) through
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murine-humanized (VHB1a, VHB1ag) and camelid-humanized
(hs2dAb) to fully camelid (sdAbD10).

HEL4, derived from the human VH germline V3-23/DP-47
(24), is monomeric at concentrations up to 3 mM, with low
aggregation and favorable thermal unfolding. Its stability is
mediated not by framework mutations but by CDR residues
that shield hydrophobic VL-interface regions and a negatively
charged triad in CDR1 contributing to monomer stability (30,
31). These features made HEL4 a preferred scaffold for naive
sdAb library generation (22, 27).

VHBIla, derived from the humanized HER2-binding Fab
4D5, was optimized through systematic mutagenesis and
in vitro evolution to enhance monomer stability (32).
Although it displayed high structural integrity, delayed SEC
retention indicated surface hydrophobicity, which was miti-
gated in the derivative VHBlag through three additional
framework mutations (28).

sdAbD10, a camelid VHH (29), is intrinsically stable as a
monomer, aided by four hallmark residues (Fig. 14, purple
rectangles) that increase framework region 2 (FW2) hydro-
philicity (33). Its high thermal stability and refolding capacity

VHB1ag

enable intracellular use, as has been observed for other VHHs
(34-36). To reduce immunogenicity, the humanized variant
hs2dAb was created by substituting seven residues with their
human VH3 counterparts while retaining the hallmark FW2
positions, yielding a stable and high-affinity scaffold (29).

Sequence and structure comparison

We first compared sdAb scaffolds based on sequence and
3D structure. To enable CDR-independent comparison,
VHB1a, VHBlag, hs2dAb, and sdAbD10 were grafted with
placeholder CDRs from the HER2-binding IgG trastuzumab,
while HEL4 retained its native CDRs due to their role in
monomer stability. Alignment to human germline VH3-23/
DP-47 highlights framework differences (Fig. 1B): HEL4
shows fewest mismatches (IMGT=2, Kabat=0), followed by
VHBIla (IMGT=11, Kabat=7), VHBlag (IMGT=12, Kabat=8),
hs2dAb (IMGT=11, Kabat=10), and sdAbD10 (IMGT=16,
Kabat=15). Variation is densest in FW2 (Fig. 1A4), consistent
with its role in the former VL interface; hydrophilic mutations
and aromatic-to-polar substitutions reduce interface hydro-
phobicity and, together with CDR3 folding, shield exposed

hs2dAb sdAbD10

<Y
ra

ogh
N A
.\ O

(=

AR

Cc

10 20 30 40 50 60 70
DP-47/V3-23d 1 | | I |
HEL4 | | B | |
VHB1a l ] | |
VHB1ag [} ] | |
hs2dAb ] |} [ 1] | |
sdAbD10 [} n 1] | |
Wi A COR1__\ W2 __CDR2__J
@ W) @

HEL4

VHB1a

VHB1ag

hs2dAb

sdAbD10

Figure 1. Comparison of sequence, structure, and surface hydrophobicity of sdAb scaffolds. A, predicted 3D structures (AlphaFold3) with CDR1-3
highlighted (yellow, purple, magenta; IMGT definition) B, amino acid sequence alignment to reference DP47/VH3-23days (human germline). Matches to
reference are shown as dots. C, per-residue predicted contextual aggregation propensity (A3D score, Aggrescan3D) mapped onto the sequence and
colored by A3D score (colors range from blue (low: —2.35) to red (high: 1.95)). D, surface representation of predicted 3D structures (orientation as shown in

A), colored by A3D score according to (C).
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sites (37, 38). Both VL interface and CDR3 influence CDR
loop arrangement, suggesting backbone sequences affect
monomer stability in CDR-dependent and independent ways.
AlphaFold3 predictions (Fig. 1A) show HEL4’s CDR3 folds
over the VL interface, burying hydrophobic sites; this is lost
when CDRs are replaced with 4D5 sequences (Fig. S2A).
VHB1a and VHB1ag show less compact CDR3 folding, while
camelid-derived hs2dAb and sdAbD10 with identical CDRs
show minimal folding. Notably, HEL4’s predicted folded
CDR3 contrasts its X-ray structure (24), where dimerization
restricts folding and buries W52.

Predicted surface hydrophobicity

To assess how framework sequences and conformations
influence surface hydrophobicity, we used Aggrescan3D (A3D)
(39, 40) to predict aggregation propensity and solubility from
3D structures, yielding residue-specific A3D-scores based on
biochemical properties, surface exposure, and structural
context. Projecting these scores onto 2D sequences (Fig. 1C)
revealed that all sdAb scaffolds have less aggregation-prone
CDR1 and FW2 than human germline VH3-23/DP-47
(AVG_FW2: VH3-23/DP-47 = -0.16; HEL4 = -0.18;
VHB1a = -0.44; VHB1ag = -0.49; hs2dAb = -0.52; sdAbD10 =
-0.51). A second aggregation-prone region at the CDR2/FW3
transition is more pronounced in hs2dAb and sdAbD10, likely
due to grafting of the 4D5 CDR2. Four isolated residues
(alignment positions 5, 11, 93, 115 (Fig. 1, B and C, orange
rectangles) also showed high aggregation scores, three of
which are less aggregation-prone in camelid sdAbs. In silico
V5Q and L115Q mutations in VHBI1a reduced the average
A3D score (-0.28 — -0.34), suggesting these residues influ-
ence solubility.

3D analysis of the former VL interface (Fig. 1D) highlights
the interplay of FW?2 residues and CDR3 conformation. HEL4
lacks hydrophilic FW2 mutations but shields the interface via
an overlapping CDR3. VHB1a and VHBIlag have polar FW2
patches, yet their CDR3 tyrosine is exposed against the inter-
face. hs2dAb and sdAbD10 have more hydrophilic FW2, with
CDR3 not folded over. Rotated views further illustrate HEL4
CDR3 folding and exposure of CDR3 tyrosine in VHBIla/
VHBlag (Fig. S1B). Aggregation-prone residues in FW1 (pos.
5) and FW4 (pos. 115) are present on the side-face of HEL4,
VHBI1a, and VHBlag but absent in hs2dAb and sdAbD10.

Yields of sdAbs purified from cytoplasm and periplasm

sdAbs are routinely expressed in bacteria. Their intra-
domain disulfide bond favors periplasmic expression, yet
several sdAbs can be produced in the cytoplasm at high yields
and remain functional in eukaryotic cytoplasm (10, 29, 34,
36). We systematically compared IMAC-purified yields of five
sdAb scaffolds from periplasm and cytoplasm (Fig. 2). Peri-
plasmic yields were highest for HEL4 (9.2 mg/L), followed by
hs2dAb (4.4 mg/L), VHB1a (2.3 mg/L), sdAbD10 (1.4 mg/L),
and VHB1lag (0.15 mg/L). VHBlag mutations reduced yield,
whereas humanization of sdAbD10 to hs2dAb increased it.
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Cytoplasmic yields were highest for sdAbD10 (39.5 mg/L),
followed by hs2dAb (20.6 mg/L), VHBla (4.3 mg/L), and
HEL4 (3.3 mg/L); VHBlag could not be purified. The high
cytoplasmic yields of sdAbD10 and hs2dAb reflect the specific
selection for intracellular stability (29). Interestingly, hs2dAb
yields were lower than sdAbD10 in the cytoplasm but higher
in the periplasm, suggesting reduced folding speed or stability
upon humanization (41, 42).

Biophysical properties of periplasmic and cytoplasmic sdAb
preparations

Monomericity and aggregation

To investigate folding efficiency, protein stability, and sol-
ubility, we performed a comparative characterization of sdAbs
purified from the periplasmic and cytoplasmic space. As a first
characteristic, we analyzed monomericity and aggregation via
analytical size exclusion chromatography (aSEC) after IMAC
(Fig. 3). HEL4 isolated from the periplasm is mostly mono-
meric with a minor extent of higher molecular weight species
(HMWS), while the cytoplasmic preparation contains more
HMWS (11.0%). VHB1a shows noticeable aggregation with
HMWS in both periplasmic (15.4%) and cytoplasmic prepa-
rations (10.7%). VHBlag could not be purified from the
cytoplasm, and the periplasmic sample shows high HMWS
content (24.7%). hs2dAb and sdAbD10 exhibit only minor
HMWS and clear monomer peaks. Thus, humanization of
sdAbD10 did not increase HMWS, though overall yield
decreased. Notably, cytoplasmic hs2dAb and sdAbD10 peaks
show tailing absent in periplasmic samples, suggesting
structural differences or local flexibility.

Surface hydrophobicity

As a second biophysical parameter indicative of aggregation
potential, we analyzed surface hydrophobicity of IMAC-
purified sdAbs by analytical hydrophobic interaction chroma-
tography (aHIC) (Fig. 3). Within the periplasmic preparations,
HEL4 (tz = 12.33 min) and VHB]1a (tgz = 12.38 min) showed the
longest retention time, corresponding to the highest surface
hydrophobicity. VHBlag harbors mutations to reduce hydro-
phobicity, reflected in the lower retention time (tg = 11.52 min)
compared to VHBla. However, a significant peak at lower
retention time could represent a multimeric complex burying
exposed hydrophobic patches. The high-salt binding buffer
used in aHIC could promote this effect compared to the aSEC
results. sdAbD10 exhibits the least surface hydrophobicity
(tg = 11.31 min) and humanization to hs2dAb did not increase
it (tg = 11.32 min), likely due to retention of camelid VHH
hallmark residues in FW2. The cytoplasmic preparation of
HEL4 behaves comparably to the periplasmic sample. For
VHBI1a, a significant peak at the dead volume might represent
larger, non-binding aggregates. Interestingly, cytoplasmic
hs2dAb (tg = 13.50 min) and sdAbD10 (tg = 13.47 min) shift
dramatically to higher retention times, consistent with aSEC
tailing, suggesting differences in local folding of surface-
exposed regions such as CDRs or FW2.
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Figure 2. Volumetric yields of IMAC-purified sdAbs from periplasmic and cytoplasmic lysates. Mean + SD from three independent experiments. Error
bars represent the SD of triplicates. Reducing SDS-PAGE confirms purity and expected size (~14 kDa). Asterisk (*) indicates undetectable yield.

Protein stability

As a third biophysical parameter, we analyzed thermal
denaturation by differential scanning fluorimetry (DSF)
(Fig. 4). For the periplasmic preparations, HEL4 (Ty =
64.4 °C) and VHBlag (T = 64.5 °C) showed the lowest
stability. VHB1a has a significantly higher resistance to ther-
mal unfolding (Ty; = 73.6 °C) when compared to VHBlag,
suggesting that the mutations introduced to achieve a more
hydrophilic surface destabilize the protein fold. The camelid
sdAbD10 displays the highest stability (Ty; = 82.2 °C), while
the humanizing mutations incorporated in its offspring
hs2dAb have a destabilizing effect (Ty; = 74.1 °C). When
isolated from the cytoplasm, HEL4 (T = 60.3 °C) and VHB1a
(Tm = 71.2 °C) display slightly reduced stability to their
respective periplasmic preparations. However, for sdAbD10
(Typ = 62.5 °C) and hs2dAb (T, = 51.4 °C) we notice a drastic
decrease in thermal unfolding stability of ~20 °C. This effect
cannot be attributed to global instability since both proteins
can be purified at high yields from the cytoplasm and exhibit

4 Biol. Chem. (2026) 302(7) 113155

mostly monomeric peaks in aSEC and aHIC. It is more likely
connected to local structural alterations, with one possibility
being the lack of an intradomain disulfide bond in the cyto-
plasmic preparations.

Monomericity, surface hydrophobicity, and storage stability of
monomeric sdAbs

To investigate the integrity and stability of monomeric
sdAbs post-production, we performed preparative size
exclusion chromatography (SEC) and reanalyzed the mono-
mer fractions. Once purified, all sdAb scaffolds showed good
monomer stability with HMWS content below 1% except for
VHBlag (HMWS=5.5%) (Fig. 5). This indicates that once
formed, the monomers of HEL4, VHBIla, hs2dAb and
sdAbD10 are stable under the chosen experimental condi-
tions. The same trend can be observed when analyzed by
aHIC (Fig. 5). The retention times are in good agreement with
the aHIC data prior to monomer purification (Fig. 3). We
again observe a presumably multimeric, less hydrophobic

SASBMB
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Figure 3. Analytical chromatography of IMAC-purified sdAbs. A, aSEC of periplasmic (PPE) and cytoplasmic (CPE) extracts with quantified HMWS
content (bottom right). B, aHIC profiles showing retention times (bottom right). A less hydrophobic species is detected for VHB1ag (#). Error bars indicate SD
of three biological replicates. Asterisk (*) indicates experiments with no detectable yield.

VHBlag species that is more pronounced in the high salt
conditions of the aHIC analysis than aSEC conditions.
Notably, the experimentally determined surface hydropho-
bicity via HIC and the predicted 3D-structure based A3D-
scores show strong correlation (r = 0.8, Fig. S2). Finally, we
investigated storage stability at 4 °C of the purified sdAbs
(Fig. S7). All sdAbs showed good stability for up to 4 weeks
except for VHB1ag, which showed a significant loss in total
monomer peak area and an increase in low molecular weight
species (LMWS) indicative of degradation products.

Efficiency of display on bacteriophage

The sdAbs analyzed in this study have served as universal
scaffolds for synthetic phage display libraries. We therefore
examined how their frameworks affect phage surface display
and overall phage yield. Using a helper phage system sensitive
to sdAb expression and periplasmic translocation of
sdAb—pIII fusion proteins, we observed efficient display
(~50%) for all five sdAbs (Fig. S8). These results indicate that,

SASBMB

despite distinct biophysical properties as purified proteins, all
scaffolds support comparably efficient phage display.

Discussion

In this study, we conducted a comparative analysis of five
sdAb scaffolds spanning sequence homology from human to
camelid. We evaluated properties critical for their suitability
in synthetic display libraries and as modular elements in
therapeutic antibody design, including monomer stability,
aggregation propensity, and storage stability.

Sequence and 3D structure analyses point towards distinct
mechanisms stabilizing the former VL interface. In analyzed
camelid-derived sdAbs (sdAbD10, hs2dAb), polar and aro-
matic substitutions in FW2 confer stability and permit greater
conformational flexibility of CDR3. In contrast, analyzed
sdAbs derived from human (HEL4) or humanized sequences
(VHB1a, VHB1ag) rely more on CDR3 and polar CDRI1 res-
idues for monomer stability.

J. Biol. Chem. (2026) 302(7) 113155 5



JBC COMMUNICATION: A biophysical comparison of five sdAb scaffolds

Periplasmic Cytoplasmic
, 90 -
(2 [
90 - coo i
. ooe
—_— d [ 22 )
8 Py ooo O
o, T . 0
s X oYy s 60 - eee
= 60 - =
i (Y]
*
30 30 -
™ 2 ) X Q S\ D 2 ) X Q S\
& R A oY P O & T X O @&
¥ R X PO AR N N
R @ %bv /\@a R @ &v /\@e
hs2dAb 90 -
0.6
oo
0.25
00
[
5 _
= -01
D —
(T @) [ 1]
[ 2. 60 -
= 0 =
o -
J 00
-15
-30 1
20 30 40 50 60 70 80 90
o 30 -
Temperature [°C] hs2dAb sdAbD10

Figure 4. Fold stability of sdAbs analyzed by DSF. Top panels: Melting temperatures (Ty) of periplasmic (represented in magenta) and cytoplasmic
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Camelid-derived sdAbs analyzed in this study exhibited the
highest expression yields, strong monomericity, low surface
hydrophobicity, high thermal stability (Ty), and good storage
stability. However, their greater deviation from human
germline sequences increases immunogenicity risk, and
moderate humanization (hs2dAb) reduced yield and fold
stability. Human-derived sdAbs displayed less favorable bio-
physical behavior. VHBI1a, for example, showed high Ty, but
moderate yield and higher hydrophobicity, while hydrophilic
mutations in VHB1ag improved solubility but impaired yield
and fold stability. HEL4, the most human scaffold, combined
high yield, good monomericity, and storage stability with
acceptable hydrophobicity and fold stability. Yet, this depends
partly on its negatively charged CDR1 and may be sensitive to
CDR3 composition, potentially limiting sequence diversity
during library construction.

6 . Biol. Chem. (2026) 302(7) 113155

A limitation of this study is the use of fixed CDR sequences
to enable scaffold comparison in a largely CDR-independent
context. Nonetheless, we cannot fully exclude sequence-
specific effects. Future studies should systematically explore
CDR sequence tolerance and its influence on scaffold
behavior.

When comparing sdAbs isolated from periplasmic versus
cytoplasmic compartments we observed that analyzed cam-
elid sdAbs (hs2dAb, sdAbD10) displayed reduced fold sta-
bility and increased hydrophobicity when expressed
cytoplasmically, despite high yields. We hypothesize that
altered intradomain disulfide bond formation or CDR expo-
sure contributes to this effect. Understanding this phenome-
non could inform future intracellular sdAb applications.

Our findings, consistent with others (43), emphasize the
inherent trade-offs in humanization and protein engineering.

SASBMB
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consistent with aSEC. Trastuzumab retention time shown (a).

Optimizing one parameter often compromises another: hu-
manization may increase aggregation, hydrophilic mutations
may reduce stability, and backbone alterations can distort
CDR conformation (Fig. S9). While advanced computational
tools and neural networks will increasingly aid multi-
parameter optimization, extensive screening remains indis-
pensable. These challenges highlight the continued value of
synthetic display libraries, which enable selection of binders
with desirable biophysical profiles and defined sequence ho-
mology based on shared scaffolds.

Experimental procedures
Recombinant protein expression and purification

Single-domain antibodies were expressed in Escherichia coli
BL21(DE3) transformed with pET24-based plasmids encoding
PelB-FLAG-sdAb-6 x His constructs. Expression was induced
with 1 mM IPTG at ODgyy = 0.6 and continued for 16 h at
18 °C. Periplasmic and cytoplasmic fractions were isolated,
clarified by centrifugation, and purified by immobilized metal
affinity chromatography (IMAC; HisTrap FF, Cytiva). Peak
fractions were buffer exchanged into PBS and further purified
by preparative size-exclusion chromatography (Superdex 200

SASBMB

Increase 10/300 GI, Cytiva). Detailed buffer compositions and
chromatography parameters are provided in the Supporting
Information.

Analytical chromatography

Analytical SEC and hydrophobic interaction chromatog-
raphy (HIC) were performed on a Prominence-i LC-2030
system (Shimadzu) using Acclaim-1000 SEC and mAbPac
HIC-10 columns (Thermo Fisher Scientific), respectively.
Elution was monitored at 220 nm under PBS or phosphate-
based mobile phases.

Differential scanning fluorimetry (DSF)

Thermal stability was measured by DSF using SYPRO
Orange dye (Invitrogen) on a LightCycler 480 (Roche) with a
20 to 95 °C temperature ramp (0.06 °C/s). Melting temper-
atures (Ty;) were determined from the first derivative of
fluorescence intensity.

Phage production and analysis

Bacteriophages were generated by CM13K helper phage
superinfection of E. coli harboring sdAb-phagemids and

J. Biol. Chem. (2026) 302(7) 113155 7
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purified by PEG/NaCl precipitation. Phage titers were deter-
mined as colony-forming units per mL.

SDS-PAGE and Western Blotting

Phage coat proteins were analyzed by SDS-PAGE and
immunoblotting using anti-M13 plII primary antibody (New
England Biolabs) and AlexaFluor647-conjugated secondary
antibody (Invitrogen).

Structure prediction and data analysis

sdAb models were generated using AlphaFold3 (https://
alphafoldserver.com/) and analyzed for aggregation pro-
pensity with Aggrescan3D (https://biocomp.chem.uw.edu.pl/
A3D2/). Data were processed in Geneious Prime 2023.2.1
and Microsoft Excel 16.

Comprehensive experimental details are available in the
Supporting Information.

Data availability

Supplementary data and detailed methods are available in
the Supporting Information. Additional data and materials are
available from the corresponding author upon reasonable
request.
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