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Abstract

The antigen-binding sites in conventional antibodies are formed by hypervari-

able complementarity-determining regions (CDRs) from both heavy chains

(HCs) and light chains (LCs). A deviation from this paradigm is found in a

subset of bovine antibodies that bind antigens via an ultra-long CDR. The HCs

bearing ultra-long CDRs pair with a restricted set of highly conserved LCs that

convey stability to the antibody. Despite the importance of these LCs, their

specific features remained unknown. Here, we show that the conserved bovine

LC found in antibodies with ultra-long CDRs exhibits a distinct combination

of favorable physicochemical properties such as good secretion from mamma-

lian cells, strong dimerization, high stability, and resistance to aggregation.

These physicochemical traits of the LCs arise from a combination of the spe-

cific sequences in the germline CDRs and a lambda LC framework. In addition

to understanding the molecular architecture of antibodies with ultra-long

CDRs, our findings reveal fundamental insights into LC characteristics that

can guide the design of antibodies with improved properties.
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1 | INTRODUCTION

In most mammalian antibodies, the complementarity-
determining regions (CDRs) from both the heavy chain
(HC) and the light chain (LC) form the antigen-binding
site. There are only a few exceptions to this paradigm
such as the HC-only antibodies in camelids (Hamers-
Casterman et al., 1993) and the antibodies with ultra-long
CDR-H3s in cattle (Wang et al., 2013). The latter are a
special case because the binding to the antigen is solely
via an ultra-long CDR-H3 (Stanfield et al., 2020; Wang

et al., 2013). The ultra-long CDR can contain up to 70 res-
idues folded as a characteristic “stalk and knob” structure
(Passon et al., 2023; Wang et al., 2013). We have previ-
ously dissected the importance of the different structural
elements in the ultra-long CDR, showing that the stalk
conveys stability allowing for large structural variations
in the knob domain (Svilenov et al., 2021).

Each species has a set of germline variable (V), diver-
sity (D), and joining (J) antibody gene segments (de los
Rios et al., 2015). Different assembly of these segments
via a process called V(D)J recombination followed by
somatic hypermutation (SHM) is the basis for antibody
diversity (Chi et al., 2020). Pairing between HCs and LCsReviewing Editor: Aitziber L. Cortajarena
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from different germline segments creates additional vari-
ation in antibody repertoires (Jayaram et al., 2012). In
cows, there are 12 IGHV, 16 IGHD, and 4 IGHJ func-
tional segments (Deiss et al., 2019; Ma et al., 2016). Inter-
estingly, a specific combination of V, D, and J segments
(IGHV1-7, IGHD8-2, IGHJ2-4) is utilized in the HCs of
antibodies with ultra-long CDRs (Deiss et al., 2019; Li
et al., 2023; Stanfield et al., 2016). The LC germline genes
can be assigned to one of two types—lambda (λ) or kappa
(κ). Cows almost exclusively employ λ LCs formed by
approximately 17 functional V-J combinations of IGLV
and IGLJ segments (Liljavirta et al., 2014).

Despite an immense sequence diversity in the knob,
the HCs from antibodies with ultra-long CDR-H3s pair
almost exclusively with highly conserved LCs from the
V30 germline (Saini et al., 2003). V30 LCs, such as BOV
LC (Dong et al., 2019) and NC-Cow1 LC (Sok
et al., 2017), are abundantly expressed in cattle and likely
play an important role in ensuring the stability of anti-
bodies with ultra-long CDRs (Liljavirta et al., 2014).

Interestingly, the LCs from antibodies with ultra-long
CDRs do not contribute to the antigen-binding site (Adams
et al., 2023; Hawkins et al., 2022; Macpherson et al., 2020;
Macpherson et al., 2021; Stanfield et al., 2020). Therefore, it
appears that there is no evolutionary pressure on these LCs
towards antigen binding. As a result, there is likely no or
only a minimal requirement that the LC achieves a delicate
balance between optimal antigen binding properties and
sufficient intrinsic stability (Rabia et al., 2018). Conse-
quently, it seems that the conserved V30 LCs present a case
where evolution selected variable antibody domains mainly
for their structural and stabilizing role. However, despite
the growing number of studies on the ultra-long CDRs
(Passon et al., 2023), little is known about the features of
the V30 LCs. Their analysis could reveal new insights into
structural principles of natural antibodies.

Here we report that the bovine LC found in antibodies
with ultra-long CDRs exhibits distinct biophysical features
such as good secretion from mammalian cells, pronounced
dimerization, high stability, and resistance to aggregation.
We track the origin of these features to a combination of a
λ LC and highly conserved CDRs with a characteristic
amino acid composition that could inform the design of
antibodies with improved physiochemical properties.

2 | RESULTS

2.1 | Conserved bovine LC exhibits
distinct biophysical traits

To test whether there are differences in structure and sta-
bility between LCs from canonical antibodies and

antibodies with ultra-long CDRs from cows, we selected
four model bovine LCs: BOV LC and NC-Cow1 LC are
from antibodies bearing ultra-long CDRs, while B4 LC
and B13 LC are from antibodies with conventional CDRs
(Dong et al., 2019; Ren et al., 2019; Sok et al., 2017).
Sequence alignment indicates high homology between
the four LCs (Figure 1a). NC-Cow1 and BOV differ only
by 10 residues in the VL (Figure 1a). When we expressed
these LCs in mammalian cells, we found that all except
for B4 are secreted well (Figure 1b). Upon purification of
the LCs from the cell supernatants, we obtained mono-
mers and homodimers with interchain disulfide bonds
(covalent dimers) from NC-Cow1 LC and BOV LC as evi-
dent from sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Figure S1). Only monomers
could be purified for B13 LC. To investigate the oligo-
meric state of the LCs under native conditions, we used
size exclusion chromatography coupled with multi-angle
light scattering (SEC-MALS). The covalent dimers elute
as narrow peaks with molecular masses around 45 kDa
(Figure 1c). Interestingly, the LCs that run as monomers
in nonreducing SDS-PAGE exhibit distinct behavior
under native conditions in SEC-MALS (Figure 1d). BOV
LC elutes as one peak with a mass �40 kDa, which indi-
cates strong non-covalent homo-dimerization. NC-Cow1
LC elutes as a mixture of monomers and dimers with
apparent masses spanning 20–40 kDa. The major fraction
of B13 LC elutes as a monomer with a mass of about
22 kDa and a small dimer peak. Overall, SEC-MALS indi-
cates that BOV LC monomers exhibit stronger dimeriza-
tion propensities under native conditions compared to
the NC-Cow1 counterpart. B13 LC has a weaker dimer-
ization tendency compared to the other two LCs.

To compare their structures and thermal stabilities,
we assayed the LCs by far-UV circular dichroism
(FUV-CD) spectroscopy. The covalent dimers NC-Cow1
and BOV LCs have superimposable FUV-CD spectra
(Figure 1e). However, the dimeric NC-Cow1 LC has a TM

of 50.2, while the BOV counterpart has a TM of 64.2 �C
(Figure 1f; Table 1). Remarkably, FUV-CD suggests that
the structures of the dimeric bovine LCs are preserved
after incubation at 95 �C and subsequent cooling to room
temperature (Figure S2). SEC-MALS analysis revealed
that the covalent dimer of BOV LC is resistant to aggrega-
tion even after heating to temperatures above the TM

(Figure 1g). In contrast to the covalent dimers, the sec-
ondary structure of the monomeric LCs is different as
suggested by FUV-CD spectra (Figure 1h). The LC mono-
mers of NC-of Cow1, BOV, and B13 have TMs of 51.0 �C,
59.7 �C, and 58.5 �C, respectively (Table 1). Interestingly,
the covalent dimer of BOV LC is almost 5 �C more stable
than the monomer, while the monomer and dimer of
NC-Cow1 LC have approximately the same stability as

2 of 10 TROMMER ET AL.



FIGURE 1 Features of natural bovine LCs from antibodies with conventional or ultra-long CDRs. (a) Sequence alignment of the VL and

CL domains of the four bovine LCs. The residues in bold indicate differences between the two LCs found in antibodies with ultra-long CDRs.

The cysteine residue marked by a gray background can form an intermolecular disulfide bond in LC homodimers. In antibodies, these LC

cysteines form an intermolecular disulfide bond with the C-terminal cysteine in the CH1 domain. (b) Reducing SDS-PAGE on Expi293

supernatants transfected for secretion of LCs. (c) SEC-MALS of disulfide-linked LC dimers. (d) SEC-MALS of monomeric LCs. (e) FUV-CD

spectra of disulfide-linked LC dimers. (f) Thermal unfolding of disulfide-linked LC dimers tracked with FUV-CD by the ellipticity change at

202 nm. (g) SEC-MALS analysis of BOV LC dimer before and after incubation for 5 min at 90 �C (elution flow rate of 1 mL/min was used in

this experiment). (h) FUV-CD spectra of LC monomers. (i) Thermal unfolding of LC monomers tracked with FUV-CD by the ellipticity

change at 202 nm. CDRs, complementarity-determining regions; FUV-CD, far-UV circular dichroism; LC, light chain; SEC-MALS, size

exclusion chromatography coupled to multi-angle light scattering; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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indicated by the TM. Overall, the analysis of the LCs
reveals remarkable features of the natural BOV LC such
as strong homo-dimerization, high TM, and resistance to
aggregation at temperatures above the TM and reversible
thermal unfolding.

2.2 | Importance of the bovine CL
domain

To test to what extent the bovine CL domain contributes
to the features of BOV LC, we created LC variants in
which we exchanged the CL in BOV LC (λ) with the CL

from a human λ or κ antibody—109L LC (λ) and PGT145
LC (κ), respectively (Garces et al., 2015; Lee et al., 2017)
(Figure 2a). We selected these human LCs for two rea-
sons. First, we have previously produced and character-
ized the LCs with their natural HC counterparts as
heterodimers (Svilenov et al., 2021). Second, there are dif-
ferent sequence identities between the two human LCs
and BOV LC: �63% and �40% for 109L LC and PGT145 LC,
respectively. We obtained monomers and disulfide-linked
dimers for BOVVL-109LCL, while BOVVL-PGTCL yielded only
monomers (Figure S1). Strikingly, BOVVL-109LCL monomer
shows similar non-covalent homodimerization in SEC-MALS

compared to wildtype BOV LC (Figure 2b). In contrast,
BOVVL-PGTCL is monomeric under native conditions. The
disulfide-linked dimer of BOVVL-109LCL and the wildtype
BOV counterpart have almost identical chromatograms
(Figure 2e). Consistent with the SEC-MALS results, FUV-CD
spectroscopy indicates that the structure of the monomeric
BOVVL-PGTCL is different compared to monomeric BOV LC
while the spectra of BOVVL-109LCL and BOV LC monomers
are nearly identical (Figure 2c). The FUV-CD spectrum of
disulfide-linked dimers of BOV LC is superimposable with
the spectrum of dimeric BOVVL-109LCL (Figure 2f). Thermal
stability analysis revealed equivalent stability for BOV LC
and BOVVL-109LCL (Figure 2d,g; Table 1). In contrast, the
monomeric BOVVL-PGTCL chimera exhibits an about 6 �C
lower TM compared to monomeric BOV LC (Figure 2d;
Table 1). The structure of monomeric and dimeric BOVVL-
109LCL is slightly affected after short heat stress (5 min,
95 �C), while the structure of BOVVL-PGTCL is severely per-
turbed under the same conditions (Figure S3). In addition,
we also wondered whether the CL domain is important for
the secretion of the LCs and attempted to produce the iso-
lated VL in mammalian cells, but the secretion levels were
very low (Figure S4). Taken together, these results show an
important role of the CL domain for the secretion, dimeriza-
tion, and stability of BOV LC. Remarkably, exchanging the

TABLE 1 Summary of LC

properties.
LC variant

Secretion TM (�C)

Monomer Covalent dimer Monomer Covalent dimer

Wildtype

NC-Cow1 Good Good 51.0 ± 0.1 50.2 ± 0.1

BOV Good Good 59.7 ± 0.1 64.2 ± 0.2

B4 Poor Poor n.d. n.d.

B13 Good Poor 58.5 ± 0.8 n.d.

PGT145 Poor Poor n.d. n.d.

109L Good Good 51.1 ± 1.6

CL mutants

BOVVL-PGT145CL Good Poor 54.2 ± 0.7 n.d.

BOVVL-109LCL Good Good 60.5 ± 0.1 66.0 ± 0.7

PGT145VL-BOVCL Poor Poor n.d. n.d.

109LVL-BOVCL Good Poor 45.9 ± 0.5 n.d.

CDR mutants

BOV-PGT145CDRs Good Poor 51.5 ± 0.5 n.d.

BOV-109LCDRs Poor Good n.d. 54.1 ± 0.2

PGT145-BOVCDRs Good Poor 54.2 ± 0.4 n.d.

109L-BOVCDRs Good Good 52.3 ± 0.5 54.1 ± 0.1

Note: The “good” and “bad” annotation for the secretion is based on whether a distinct band could be
observed in SDS-PAGE from the supernatants of transfected cells and whether the mass of the purified LC

from the supernatant was verified.
Abbreviations: LC, light chain; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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bovine λ CL with a human λ CL had minimal impact on the
biophysical features of BOV LC. However, the exchange to a
κ CL was not well tolerated.

2.3 | Importance of the conserved
bovine CDRs

The LCs in antibodies with ultra-long CDRs undergo
minimal or no affinity maturation and their CDRs play
only a structural role (Dong et al., 2019; Stanfield
et al., 2018; Wang et al., 2013). We therefore wondered
whether the conserved CDRs contribute to the dimeriza-
tion and stability of BOV LC. To this end, we produced
BOV LC mutants in which we exchanged all three CDRs
with the CDRs from the human 109L or PGT145 LCs,

respectively (Figure 3a). The two chimeric LCs were
secreted well by mammalian cells, but only monomers
could be purified for BOV-PGT145CDRs, while purifica-
tion of BOV-109LCDRs yielded disulfide-linked dimers
(Figure S1). In SEC-MALS analyses, monomeric
BOV-PGT145CDRs shows weaker homodimerization ten-
dency (Mm � 21 kDa) under native conditions compared
to the monomeric BOV LC (Mm � 39.8 kDa) (Figure 3b).
The elution of the covalent homodimers of BOV is simi-
lar to that of the BOV-109LCDRs (Figure 3e). Interestingly,
BOV-109LCDRs exhibits differences in the FUV-CD spec-
trum compared to BOV LC and BOV-PGT145CDRs
(Figure 3c,f). For both chimeric LCs, the thermal stability
was reduced by �8–10 �C compared to the natural BOV
LC counterparts (Figure 3d,g; Table 1). In addition, both
exhibit substantial nonreversible structural changes upon

FIGURE 2 The CL domain is important for the biophysical features of BOV LC. (a) Three wildtype light chains, BOV (λ, bovine),
PGT145 (κ, human) and 109L (λ, human), were used to create LC chimeras with a bovine VL and a human CL domain. (b) SEC-MALS of LC

monomers. (c) FUV-CD spectra of LC monomers. (d) Thermal unfolding of LC monomers monitored by the ellipticity change at 202 nm.

(e) SEC-MALS of disulfide-linked LC dimers. (f) FUV-CD spectra of disulfide-linked LC dimers. (g) Thermal unfolding of disulfide-linked

LC dimers monitored by the ellipticity change at 202 nm. FUV-CD, far-UV circular dichroism; LC, light chain; SEC-MALS, size exclusion

chromatography coupled to multi-angle light scattering.
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exposure to high temperatures (5 min, 95 �C) (Figure S3).
Overall, these findings reveal an important role of the
conserved bovine CDRs for the biophysical features of
the BOV LC.

2.4 | Transferring bovine LC elements
into human LCs

After learning that both the CL and the CDRs contribute
to the extraordinary features of BOV LC, we were inter-
ested in whether bovine LC building blocks can convey
improved biophysical properties in human LCs. We
therefore created variants of the human LCs PGT145 and
109L where we combined the human VLs with the CL

from BOV LC (PGT145VL-BOVCL and 109LVL-BOVCL) or
replaced the human CDRs with the BOV LC CDRs
(PGT145-BOVCDRs and 109L-BOVCDRs). Remarkably, the

bovine CDRs, but not the CL, restore the secretion of
PGT145 LC (Figure 4a). In contrast, the bovine sequences
have little impact on the secretion of 109L, which is
already well-secreted as a wildtype (Figure 4b). Next, we
purified monomeric 109L-BOVCDRs and 109LVL-BOVCL,
as well as covalent dimers of 109L-BOVCDRs. Despite
optimizations, we could obtain only a mixture of mono-
mers and covalent dimers of wildtype 109L (Figure S1).
Wildtype 109L elutes as multiple peaks in SEC-MALS
(Figure 4c). 109LVL-BOVCL monomer elutes as a broad
peak corresponding to a mixture of monomers and non-
covalent homodimers (Figure 4d). In contrast, 109L vari-
ants with CDRs from BOV LC gave narrow symmetric
peaks with the expected mass for a monomer (Figure 4d)
and a covalent dimer (Figure 4e). Wildtype 109L has a
TM of 51.1 �C, while the 109LVL-BOVCL has a TM of
45.9 �C (Figure 4f,g; Table 1). Monomer and covalent
dimer of 109L-BOVCDRs have TMs of 52.3 �C and 54.1 �C,

FIGURE 3 The CDRs are essential for BOV LC dimerization, structure, and stability. (a) Sequence alignment of natural BOV LC and

two chimeric LCs with human CDRs on a BOV LC scaffold. (b) SEC-MALS of LC monomers. (c) FUV-CD spectra of LC monomers.

(d) Thermal unfolding of LC monomers tracked with FUV-CD by the ellipticity change at 202 nm. (e) SEC-MALS of disulfide-linked LC

dimers. (f) FUV-CD spectra of disulfide-linked LC dimers. (g) Thermal unfolding of disulfide-linked LC dimers tracked by the ellipticity

change at 202 nm. CDRs, complementarity-determining regions; FUV-CD, far-UV circular dichroism; LC, light chain; SEC-MALS, size

exclusion chromatography coupled to multi-angle light scattering.
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respectively (Figure 4g,h; Table 1). Therefore, the bovine
CDRs from BOV LC can convey improved secretion,
reduce heterogeneity, and increase the thermal stability
of human LCs.

2.5 | Effect of bovine, human, and
chimeric LCs on fab secretion

Finally, we asked how the LCs affect the assembly and
secretion of Fab fragments (Svilenov et al., 2021). To
address this question, cells were transfected with plas-
mids for the LCs or HCs (Fd segments), or co-transfected
with a combination of the LC and Fd plasmids. The Fd

segments were not secreted because CH1 domains are
retained in the endoplasmic reticulum in the absence of
CL domains (Figure S5) (Feige et al., 2009). In contrast,
the LCs of BOV-7 and NC-Cow1 were secreted as mono-
mers and dimers (Figure S5a). Upon co-transfection with
different LC/Fd plasmid ratios, the bovine Fabs were
secreted well at a 1:1 LC/Fd ratio. Higher LC/Fd ratios of
3:1 and 4:1 did not lead to a further improvement in Fab
secretion but caused secretion of LC monomers and
dimers (Figure S5a). In contrast, the secretion of the
human Fab 32H109L was gradually improved by using
higher LC/Fd ratios and no free human LC (109L) was
detected (Figure S5b). When the human Fd (32H)
was co-transfected with the chimeric 109L-BOVCDRs, the

FIGURE 4 Impact of BOV LC CL or CDRs on the properties of human LCs. (a) SDS-PAGE on Expi293 supernatants transfected for

secretion of PGT145 LC variants. (b) SDS-PAGE on Expi293 supernatants transfected for secretion of 109L LC variants. (c) SEC-MALS of

wildtype 109L. (d) SEC-MALS of monomeric 109L variants. (e) SEC-MALS of covalent dimer of 109L-BOVCDRs. (f–h) Thermal unfolding of LC

variants tracked with FUV-CD by the ellipticity change at 202 nm. FUV-CD, far-UV circular dichroism; LC, light chain; SDS-PAGE, sodium

dodecyl sulfate polyacrylamide gel electrophoresis; SEC-MALS, size exclusion chromatography coupled to multi-angle light scattering.
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secretion of the Fab was improved and free 109L-
BOVCDRs LC was detected at higher LC/Fd ratios as well
(Figure S5b). Therefore, a chimeric LC carrying structural
elements from BOV LC can facilitate the assembly and
secretion of a Fab fragment.

3 | DISCUSSION

We found that an invariant BOV LC has remarkable bio-
physical traits that emerge from a combination of a bovine
λ CL and the VL with CDRs encoded by the V30 germline
(Figure 5). BOV LC is almost identical to the V30 germline
sequence with only two differences at Kabat positions one
(E instead of Q) and five (N instead of T) (Stanfield
et al., 2020). In contrast, NC-Cow1 LC has nine mutations
compared to the germline (Stanfield et al., 2020). Conse-
quently, NC-Cow1 LC exhibits greatly reduced stability
compared to BOV LC (Figure 1). This reveals that the
bovine V30 germline encodes exceptional biophysical traits
that are maintained in highly conserved LCs such as BOV
LC, likely due to a lack of evolutionary pressure for CDR
affinity maturation toward antigen binding via the LC.

The favorable features encoded by V30 were likely essen-
tial for the emergence of antibodies with ultra-long CDRs
since the HCs of these antibodies assemble almost exclusively
with V30 LCs. In addition, the same V30 LC, such as BOV
LC, can pair with HCs that bear structurally very diverse
ultra-long CDR-H3s (Dong et al., 2019). Other antibodies
with paratopes formed entirely by the HC, such as the HC-
only antibodies in camelids and the immunoglobulin new
antigen receptor in sharks, are devoid of LCs (Greenberg
et al., 1995; Hamers-Casterman et al., 1993). Therefore, it is

interesting that the bovine antibodies with ultra-long CDRs
followed a different evolutionary trajectory that maintained
the LC for stability reasons.

Remarkably, replacing the λ CL in BOV LC with a
human λ CL had little impact on the biophysical traits. In
contrast, a human κ CL severely impacted the homodi-
merization, structure, and stability of the LC. When we
replaced the CDRs of BOV LC with the CDRs from
human LCs, we observed negative effects on stability and
homodimerization. This points toward a key role of the
VL and CDRs encoded by V30, which, in combination
with a λ CL, convey a combination of favorable biophysi-
cal traits (Figure 5).

We wondered what makes BOV LC special and looked
at the amino acid usage in the VL and the CDRs
(Figure 1a). Interestingly, BOV VL contains multiple serine
residues (20.7%), only one highly conserved tryptophan
and no histidine, lysine, or methionine. The calculated iso-
electric point is around 4.4. Noteworthy, acidic isoelectric
points were linked to rare properties in antibody domains
such as reversible thermal unfolding and high resistance
to aggregation at high temperatures (Jespers et al., 2004).
In the CDRs of BOV LC, serine is even more abundant
(35.5%), there is only one positively charged (R) and three
negatively charged residues (2� D, 1� E). Overall, a high
serine usage combined with a net negative charge and lack
of amino acids such as tryptophan, histidine, proline, and
phenylalanine are a hallmark of the CDRs in BOV LC and
the bovine V30 germline.

Remarkably, grafting the CDRs from BOV LC can
improve the secretion, stability, and homogeneity of
human LCs. Although the grafting of bovine CDRs on
LCs of human therapeutic antibodies may raise immuno-
genicity concerns, new machine learning tools could be
used to test which sequences exhibit the highest degree
of humanness (Ramon et al., 2024). This finding opens
an exciting opportunity to use sequence features from the
V30 germline to improve the biophysical properties of
diagnostic and therapeutic antibodies.

Thus, the analysis of the highly conserved cow anti-
body domains revealed biophysical features intrinsic
to LCs that are not subjected to selection pressure for
antigen binding, which can inform the design of anti-
bodies with improved properties.

4 | MATERIALS AND METHODS

4.1 | Protein production

LC sequences were ordered from commercial gene syn-
thesis (GeneArt, Thermo Fisher) and cloned into a
pcDNA3.1(+) vector. XL-1 E. coli cells were transformed

FIGURE 5 Summary of distinct traits in the conserved BOV

LC. LC, light chain.
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with the plasmids and colonies were selected on ampicil-
lin LB-agar plates. Plasmids were purified from overnight
cultures of transformed XL-1 cells using a PureYield™
kit (Promega). The correct inserts were verified by Sanger
sequencing. LCs were produced using the Expi293 or
ExpiCHO systems (Thermo Fisher) following manufac-
turers' protocols with ExpiFectamine (Thermo Fisher) or
jetOPTIMUS (Polyplus). For head-to-head comparisons
of LC secretion, Expi293 cells and reagents were used.
Secreted LCs were first purified by anion exchange chro-
matography or cation exchange chromatography using a
HiTrap™ Q HP (cytiva) or a HiTrap™ SP FF (cytiva) col-
umn. Subsequently, LCs were also purified with hydro-
phobic interaction chromatography on a HiTrap™ Butyl
column (cytiva). The final purification step was size-
exclusion chromatography with a HiLoad® 16/60 Super-
dex® 75 pg column (cytiva). All analytical measurements
were performed in phosphate-buffered saline (PBS)
unless otherwise stated.

4.2 | SDS-PAGE

Samples were mixed with Lämmli and heated for 5 min
at 95 �C. For reducing conditions, 10 mM dithiothreitol
was added before heat denaturation. Dual Color Protein
Standard III (Serva) was used as a molecular weight lad-
der. The denatured samples and the ladder were resolved
on 4%–20% gradient gels (Serva) following manufac-
turer's recommendations. The gels were stained with a
Quick Coomassie stain (Serva) and destained in ultrapure
water following the manufacturer's protocol.

4.3 | SEC-MALS

A Shimadzu HPLC with a UV and a refractive index
detector coupled to a Heleos II MALS detector (Wyatt
Technology) were used. The LCs were injected on a
Superdex™ 200 Increase 10/300 GL column (cytiva) with
PBS as running buffer using a constant mobile phase flow
of 0.5 mL/min unless otherwise stated. Data collection
and analysis was performed with the ASTRA v5. Each
sample was measured at least in duplicates.

4.4 | FUV-CD

Measurements were performed on a J-1500 CD spectrom-
eter (Jasco) using a 1 mm quartz cuvette and a protein
concentration of 0.1 mg/mL. CD spectra were collected at
20 �C. For the thermal melts, the CD signal at 202 nm

was measured while the sample was heated from 20 to
90 �C in 0.5 �C steps.
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