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Engineering of a synthetic antibody fragment for
structural and functional studies of K+ channels
Ahmed Rohaim1,2*, Tomasz Slezak1*, Young Hoon Koh1, Lydia Blachowicz1, Anthony A. Kossiakoff1,3, and Benôıt Roux1

Engineered antibody fragments (Fabs) have made major impacts on structural biology research, particularly to aid structural
determination of membrane proteins. Nonetheless, Fabs generated by traditional monoclonal technology suffer from
challenges of routine production and storage. Starting from the known IgG paratopes of an antibody that binds to the “turret
loop” of the KcsA K+ channel, we engineered a synthetic Fab (sFab) based upon the highly stable Herceptin Fab scaffold, which
can be recombinantly expressed in Escherichia coli and purified with single-step affinity chromatography. This synthetic Fab was
used as a crystallization chaperone to obtain crystals of the KcsA channel that diffracted to a resolution comparable to that
from the parent Fab. Furthermore, we show that the turret loop can be grafted into the unrelated voltage-gated Kv1.2–Kv2.1
channel and still strongly bind the engineered sFab, in support of the loop grafting strategy. Macroscopic electrophysiology
recordings show that the sFab affects the activation and conductance of the chimeric voltage-gated channel. These results
suggest that straightforward engineering of antibodies using recombinant formats can facilitate the rapid and scalable
production of Fabs as structural biology tools and functional probes. The impact of this approach is expanded significantly
based on the potential portability of the turret loop to a myriad of other K+ channels.

Introduction
A highly successful strategy to elucidate the structures of a
number of high-value classes of biomolecular molecules and
complexes, especially in the case of membrane proteins, has
been the use of “crystallization chaperones” (Iwata et al., 1995;
Kovari et al., 1995; Ostermeier et al., 1995; Li et al., 1997; Hunte
and Michel, 2002). Chaperones promote crystallization by re-
ducing conformational heterogeneity, by masking hydrophobic
surfaces, increasing solubility, and by providing primary contact
points between molecules in the crystal lattice. These chaper-
ones can take a variety of forms (reviewed in Koide [2009]), but
the most prevalent type is antibody fragments (Fabs), which
initially had been produced by traditional hybridoma technology
(Zhou et al., 2001). However, producing them by traditional
hybridoma-based technology has major drawbacks—the process
is inherently slow and expensive. The resulting Fab chaperones
can be unstable and moreover, there is no way to improve the
chaperone’s binding or the solubility properties. More recently,
Fab-based chaperones have been produced by molecular display
technology (phage, yeast, or RNA display; reviewed in Koide
[2009]). These methods exploit the modular form of the Fab

module, which combines a rigid and conserved fold with a set of
hypervariable loops (complementary-determining regions or
CDRs) that confer the antibody’s specificity and binding affinity.
The display methods employ large libraries that introduce di-
versity into the CDR loops of the Fab and rely on screening to
isolate high-affinity binders from a large pool of nonbinders
(Bradbury and Marks, 2004; Sidhu and Fellouse, 2006; Fellouse
et al., 2007; Koenig and Fuh, 2014). The advantages of the display
methods are that they are inexpensive, the selection process can
be accomplished relatively quickly and importantly, they result
in a recombinant protein that can be easily expressed and fur-
ther engineered, for instance, to trap a desired conformation or
stabilize a protein complex (Paduch and Kossiakoff, 2017).

While the Fab generation process is quickly evolving to favor
recombinant approaches, there are a number of mAb-derived
Fabs that remain important reagents for structure and func-
tion studies of particular systems. A case in point is the mAb
(mouse IgG) against KcsA expressed from mouse hybridoma
cells that were originally used to determine the x-ray crystal-
lographic structure of the KcsA–Fab complex at high resolution
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(Zhou et al., 2001). Despite the inherent drawbacks, structural
studies of KcsA (WT and mutants) have largely continued to rely
on the original monoclonal Fab obtained from hybridoma cells
(Lenaeus et al., 2005; Cordero-Morales et al., 2006; Valiyaveetil
et al., 2006; Lockless et al., 2007; ; Cuello et al., 2010; Cuello
et al., 2017; Rohaim et al., 2020). Although it remains a work-
horse for this system, the production of the KcsA–Fab has re-
mained expensive and time-consuming, with additional issues
associated with a multistep purification and long-term storage.
The Fab fragment of the IgG is obtained via papain proteolysis
following a series of ion-exchange chromatography steps. To
circumvent these steps, a recombinant synthetic Fab that binds
KcsA with high specificity was designed using a CDR grafting
strategy. The objective was to convert the Fab binding to KcsA to
a recombinant format to facilitate the process of expression and
purification without the loss of function.

Upon examination of the KcsA–Fab complex (Rohaim et al.,
2020), the CDRs involved in the specific interaction were
transferred to the Herceptin Fab scaffold, which has been highly
characterized and has a known structure (Eigenbrot et al., 1993).
The Herceptin scaffold is a modified Human Kappa isotype.
Changes in the Fab light chain were previously introduced to
improve its expression and stability to enhance its crystalliza-
tion capacity (Slezak et al., 2020). The 3D conformation of the
design was then verified using ROSETTA. We show that the
newly designed synthetic Fab can readily be expressed in Esch-
erichia coli and purified with a single-step affinity purification.
As a demonstration of the suitability of the strategy for crys-
tallographic studies, the crystal structure of sFab–KcsA complex
was solved at 2.7 Å resolution. Based on this, we believe that our
engineering strategy can easily be expanded in a general way
to convert other monoclonal Fabs into recombinant formats,
thereby endowing themwith improved properties for structural
and functional studies. Further, we show that the engineered
KcsA sFab tightly binds to the KcsA turret loop sequence that
was grafted into a related voltage-gated K+ channel, effectively
inducing a significant functional response. This suggests that the
turret loop can function as a portable binding site for the
sFab–KcsA, which can be exploited for structure–function
studies across a wide range of channels that share the same
general tertiary characteristics as KcsA. Thus, the engineered
sFab described here can be used as a powerful tool for both
structural and functional studies.

Materials and methods
Synthetic Fab design
The wtFab conformation was obtained from the crystal struc-
tures in PDB accession nos. 1K4C and 6W0I. Structure-based
homology modeling was performed with the ROSETTA algo-
rithm using the webserver gui (robetta.bakerlab.org; Song et al.,
2013). Comparative homology modeling function was selected
using PDB accession no. 5UEA as the template. The UNIPROT
alignment algorithm was used for sequence alignment and
analysis (https://uniprot.org/align/). The final homology model
was visualized, and the rmsd was estimated in PYMOL. The DNA
sequence encoding the designed sFab was synthesized by

Integrated DNA Technologies. The synthesized gene was cloned
into the bacterial expression vector pSFV4 for recombinant
antibody bacterial expression in periplasm (from Structural
Genomics Consortium, Toronto), harboring an N-terminal PelB
signaling peptide for periplasmic expression (Denoncin and
Collet, 2013).

Expression and purification
The sFab expression vector was transformed into BL21 cells. A
small-scale culture in LB medium supplemented with 0.1 mg/ml
ampicillin was incubated overnight at 37°C. 5 ml of overnight
culture was used to inoculate 1 liter of LBmedium supplemented
with 0.1 mg/ml ampicillin and then incubated at 37°C. At OD600

= 0.6, the expression was induced by adding 1 mM IPTG at 37°C
for 3 h. The cells were collected by centrifugation for 40 min at
6,000 g and resuspended in lysis buffer (50 mM Tris pH 8.0,
200 mM NaCl, 1 mM PMSF, and 20 μg/ml of DNase I). The cells
were lyzed by homogenization using an Avestin Emulsiflex C5.
The cell lysate was clarified by centrifugation for 30 min at
30,000 g, loaded on a protein G column (Bailey et al., 2014), and
incubated with agitation for 1 h at 4°C. The protein G column
was washed with five column volumes of wash buffer (50 mM
Tris, pH 7.5, 200 mM NaCl). The sFab was eluted with three
column volumes of elution buffer (0.1 M Glycine, pH 2.6) and
neutralized by adding 1 M Tris pH 7.5 directly to the sample to a
final concentration of 0.1 M Tris pH 7.5. The yield of sFab was
4 mg/liter. KcsA in pQE32 vector (Rohaim et al., 2020) was
transformed into XL-1 Blue cells in LB media supplemented with
0.1 mg/ml ampicillin and grown at 37°C until reaching an OD600

of 0.8–1.0, after which expression was induced by adding
0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). After 3 h,
cell pellets were collected and resuspended in lysis buffer
(20 mM Tris, pH 8.0, 0.2 M NaCl) supplemented with 1 mM
PMSF and 20 μg/ml of DNase I. The resuspended cells were
lysed using an Avestin Emulsiflex C5, and the membranes were
collected by centrifugation at 100,000 g at 4°C for 1 h. The
membrane pellet was resuspended in 20mMTris, pH 7.5, 0.15M
KCl and solubilized by incubationwith 40mMDM (n-decyl-β-D-
maltoside) overnight at 4°C. The sample was centrifuged at
100,00 g for 1 h, and the supernatant was loaded on a HisTrap FF
5 ml nickel metal affinity column previously equilibrated with
buffer A (20mMTris, pH 7.5, 0.15M KCl, 5 mMDM, and 20mM
imidazole) and eluted with buffer B (buffer A + 300 mM imid-
azole). The C-terminal tail was removed by incubation with 1 μg/
ml chymotrypsin for 1 h at room temperature. The chymotrypsin-
treated protein was further purified by size exclusion chroma-
tography (SEC) using a Superdex 200 HR 10/30 column with an
AKTA FPLC system (GE Healthcare) in buffer C (50 mM Tris, pH
7.5, 0.15 M KCl, and 5 mM DM).

Crystallization and structure determination
The KcsA peak fraction was incubated with sFab at 20% molar
excess of sFab to ensure saturated complex formation. SEC was
repeated to remove excess Fabs using Superdex 200 HR 10/30 in
buffer C. The peak fractions were analyzed on 4–20% SDS-PAGE
and then the sample was concentrated to 14 mg/ml prior to
crystallization in a hanging drop vapor diffusion format.
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Crystals appeared after 24 h at room temperature in 50 mM
sodium acetate (or ammonium acetate) pH 5.5, 50 mM magne-
sium acetate, and 25–27% PEG 400. The crystals were flash-
frozen in 40% PEG solution. X-ray diffraction datasets were
collected at the NECAT 24-ID-E beamline at the Advanced
Photon Source. Crystal structures were determined by molecu-
lar replacement method using the structures of the sFab ho-
mologymodel and onemonomer of KcsA as a searchmodel using
PHASER (McCoy et al., 2007). The structure refinements were
performed using REFMAC (Murshudov et al., 1997). The electron
density map and sFab–KcsA models were inspected using COOT
(Emsley and Cowtan, 2004). Mapping of the amino acid inter-
action was performed using CONTACT (Winn et al., 2011). The
3-D structure prediction of KvKcsA chimera was performed
using AlphaFold (Jumper et al., 2021) with the amino acid se-
quence ...AE(RGAPGAQLIS)IP..., where the KcsA turret is in
parentheses.

Electrophysiology
The full-length, chimeric Kv1.2/2.1 (KvWT) cDNA from Rattus
norvegicus, obtained from the MacKinnon lab at Rockefeller
University, was cloned into the pMax vector. The cDNA of the
turret loop (ADERDSQFP) was deleted from KvWT chimera and
replaced with cDNA of the KcsA turret loop (RGAPGAQLIS)
using site-directed mutagenesis to produce the KvKcsA chimera.
Mutations were confirmed by Sanger sequencing. Mutations
were introduced via site-directed mutagenesis and confirmed by
Sanger sequencing to produce the KvKcsA chimera. cRNA was
synthesized using a T7 RNA expression Kit (Ambion, In-
vitrogen). Approximately 24 h after surgical removal from adult
frogs, in accordance with animal usage protocol 71475 of the
University of Chicago Institutional Animal Care and Use Com-
mittee, 50–100 ng cRNA in 50 nl RNase-free water was injected
into enzymatically defolliculated oocytes. Oocytes were main-
tained at 18°C in a standard oocyte solution (SOS), a solution
containing 10 mM HEPES, pH 7.5, 100 mM NaCl, 5 mM KCl,
2 mM CaCl2, 1 mM MgCl2, and 50 μg ml−1 gentamycin. Macro-
scopic currents were recorded 24–36 h postinjection on a two-
electrode voltage clamp (TEVC) setup, comprising an OC-720C
amplifier (Warner Instruments), Digidata 1322A 16-bit digitizer
(Axon Instruments), and a Windows XP PC running Clam-
pex10.3. Oocytes were impaled with two 3 M KCl-filled Ag/AgCl
electrodes with resistances in the range 0.2–1.0 MΩ in a bath
containing SOS. More than five recordings were obtained for
both KvWT and KvKcsA, each from a different oocyte and some
from different injection sessions to test for the effect of sFab on
each construct’s conductance. K+ currents were evoked by
voltage steps of 2.5 s, going from −60 to +70 mV in 10-mV steps.
The holding potential was set at −90mV, but the data acquisition
protocol varied slightly between KvWT and KvKcsA. For KvWT,
holding of −90 mV for 0.35 s was followed by variable pulse for
0.8 s, recovery at −140mV for 0.5 s, and then back to −90mV for
0.85 s for a total of 2.5 s. For KvKcsA, holding of −90mV for 0.2 s
was followed by a variable pulse for 1.6 s, and then back to
−90 mV for 0.7 s for a total of 2.5 s. The isochronal tail currents
were measured in isopotential condition after the decay of the
oocyte linear capacitive response for the I–V curve.

Online supplemental material
In Fig. S1, the full-length sequences of sFab and wtFab are de-
scribed. In addition, Table S1 summarizes the x-ray diffraction
and crystal structure statistics.

Results
The Fab fragment of the monoclonal mouse Ig-γ (IgG) developed
against KcsA is obtained by papain proteolysis following a series
of ion-exchange chromatography steps. In a first attempt to
circumvent the onerous expression in hybridoma cells, the
mouse Fab heavy and light chains were cloned into a recombi-
nant bacterial expression vector. However, this approach was
not viable for structural studies, as this construct expressed
poorly and was unstable during purification. Fig. 1 A shows the
interaction of the CDRs of IgG-Fab (here after called wtFab) with
the turret loop of KcsA (residues R52-Y62). Based on this
analysis, a synthetic Fab with the wtFab paratope was designed
by a computer-assisted loop grafting strategy. Sequences which
matched the CDRs amino acid composition (see Fig. S1), length,
and flanking regions of the interaction interface of wtFab were
grafted into a humanHerceptin Fab scaffold (Slezak et al., 2020).
Other parts of the sFab, not harboring the CDRs, were slightly
modified to enhance stability and the crystallization capability of
the sFab (Fig. 1 B). This yielded an overall ∼40% sequence sim-
ilarity with the wtFab, with most of the similarities occurring in
the Fab–KcsA interface of the variable domain (Fig. 1 C). To
validate the positions of the CDRs and the overall fold of the
variable and constant regions, the final model was compared with
wtFab using comparative ROSETTA modeling. The structure-
based homology model of sFab is in good agreement with the
wtFab with an overall backbone rmsd of 0.4 Å (Fig. 1 C).

DNA encoding the engineered sFab was synthesized and
subsequently cloned in pSFV4 for recombinant expression in
E. coli. To ensure proper native-like folding, the expressed sFab
was targeted to the periplasmic space (see Materials and
methods). The expressed sFab was purified by a single step
protein-G affinity column (Bailey et al., 2014) after which the
final eluted sample was neutralized to pH ∼7.5. The yield was
4 mg/liter. The purity of the sFab was assessed by SDS-PAGE
showing a single band at the expected mol wt (Fig. 2 A). To in-
vestigate the binding properties, the KcsA channel and sFab
were mixed at equimolar ratios, and the protein–Fab complex
formation was analyzed by analytical SEC (Fig. 2 B). A decrease
in the retention volume of SEC was observed, indicative of a
stably formed KcsA–sFab complex. The binary complex was
analyzed by SDS-PAGE, showing single bands at the expected
molecular weights for KcsA and sFab, respectively (Fig. 2 A). To
test the ability of the sFab to promote crystallization, the puri-
fied protein complex was crystallized using similar conditions as
for the wtFab complex. Protein crystals appeared after 24 h at
room temperature (faster than with the original wtFab) and
were confirmed by tryptophan fluorescence (Fig. 2 C). The
crystal structure was solved at 2.7 Å resolution by molecular
replacement method with an ensemble of sFab and KcsA mon-
omers used as a search model (Fig. 2 D). Maps having well-
defined electron density for the KcsA and sFab monomers
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were observed covering most of the regions of the models of the
binary complex. Model building and refinement improved the
overall quality of the electron density maps but lacked density at
the distal loop areas of the constant light (CL) and heavy (CH)
chain regions of the sFab, which is a common feature of Fab–
antigen crystal structures. Notably, the KcsA–sFab complex
crystallized in the same space group (I4) as reported for its
wtFab counterpart and reflect the channel’s inherent fourfold
symmetry. However, the unit cell dimensions of the KcsA–sFab
crystal form are significantly shorter in two dimensions, which
leads to a reduction of ∼20% in the unit cell volume. This results
in a tighter packing arrangement with a significant lower

solvent content than the wtFab crystal form (56% versus 67%;
Table S1). Structural superposition revealed that the sFab de-
viates from the wtFab at the constant domain with a slight
counterclockwise rotation about the hinge regions (Fig. 2 E).
Examining the crystal lattice packing, the CL domain of the sFab
in one asymmetric unit interacts with two sFab (Fabcryst1,2)
molecules from nearby symmetrymates. This is in contrast with
wtFab where its CL interacts with only one molecule, Fabcryst

(Fig. 2 F). The interaction explains the crystallization of the two
complexes in the same space group, but with different unit cells
and lattice packing properties (Fig. 2 G). It is probable that the
differences in some of the surface residues in the CL domains of

Figure 1. Structural analysis of the wtFab–KcsA crystal structure. (A) Side view (right) of only two diagonally opposing monomers of KcsA for clarity
(green), showing the transmembrane helices (TM1, TM2), selectivity filter (SF), and the wtFab (gold) interacting near the turret loop (TL). A closeup view of the
interaction interface (left) showing the interaction of the CDRs with residues in the TL; the crystal structure is obtained from PDB accession no. 1K4C.
(B) Design of the sFab based on the human Herceptin Fab scaffold (Fabscaffold) showing the heavy and/or light CDRs (orange) necessary for restoring binding to
KcsA. (C) ROSETTA homology modeling of the sFab (gray). Amino acid residues of high similarity with wtFab are shown as spheres in red and blue for variable
heavy (VH) and light (VL) domains, respectively.
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Figure 2. Expression, purification, and structural determination of the sFab–KcsA complex. (A) An affinity pulldown SDS-PAGE showing the association
between KcsA and sFab with (left) and without (right) β-mercaptoethanol (BME). Lane 1: sFab, lane 2–6: sFab–KcsA complex; excess fab is shown in lane 5 and
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wtFab versus sFab lead to the altered lattice packing that dif-
ferentiates into the two crystal forms.

We sought to determine whether the sFab could serve as a
useful tool in functional and structural studies of other K+

channels. To address this question, we superimposed the
structures of KcsA and seven familiar K+ channels. As depicted
in Fig. 3, there is a remarkable structural similarity among K+

channels, suggesting that porting the KcsA turret loopmay be an
effective strategy in most cases. Specifically, the turret is located
between the outer helix (TM1) and the pore helix in the pore

domain. Since the relative orientation of the outer and pore
helices is highly conserved among K+ channels, onemay imagine
that the substitution of the KcsA turret (RGAPGAQLI) could
preserve its conformation and its ability to bind the sFab with
high affinity. Based on the high structural similarity, it is rea-
sonable to envision that such simple protein engineering could
yield an effective strategy to study a variety of K+ channels. To
test this hypothesis, a voltage-gated K+ channel chimera was
designed in which the turret loop of the mammalian Kv1.2/2.1
channel was swappedwith that of the KcsA channel and referred

6 from SEC. (B) Comparison of the analytical size-exclusion chromatograms for the apo (orange) and complex form of KcsA with sFab (blue), with∼2 ml shift of
the elution volume to the left upon complex formation. (C) Crystals of the sFab–KcsA complex visualized under visible (left) and UV (right) light microscope
obtained at room temperature after 24 h. (D) The crystal structure of sFab–KcsA where the sFab (magenta) binds at the turret loop of KcsA (green), showing
two diagonally opposing monomers for clarity (PDB accession no. 7MDJ). (E) Crystal lattice packing of the sFab–KcsA, structural analysis of the sFab (magenta),
and wtFab (gold) showing the positional deviation around the constant domain. (F) Comparison of the interaction between Fabs in crystallographic symmetry
mates (Fabcryst, in orange) showing the asymmetric unit of sFab (left) and wtFab (right). (G) Comparison of the crystal lattice from the new sFab–KcsA on the
left with that from wtFab–KcsA (PDB accession no. 1K4C) on the right.

Figure 3. Structural alignment andmodeling illustrating the high structural similarity of different K+ channels. The conformation of the pore and outer
helices (TM1) is highly conserved among different K+ channels. The upper panel illustrates the superposition of the TM1-pore helix motif for eight homologous
K+ channels with their PDB accession nos. in parentheses except for the predicted structure of KvKcsA (in green). For clarity, the turret loops of KvKcsA and
KcsA only are shown in ribbon representation. The lower panel shows the structure-based sequence alignment for the same channels illustrating the
modularity of the respective domains: first transmembrane helix (TM1), P-loop (or pore helix), and selectivity filter (SF). The turret loop is framed in an
orange box.
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to as KvKcsA. Using the amino acid sequence, the 3-D structure
prediction of KvKcsA was determined using the AlphaFold
structure prediction engine (Jumper et al., 2021; Fig. 3). Subse-
quently, the predicted structure of KvKcsA was superimposed to
the seven homologous K+ channels as shown in Fig. 3. Overall,
the predicted tertiary structure of the KvKcsA channel was
identical to the the homologous K+ channels with the turret loop
adopting a conformation similar to the KcsA turret loop (Fig. 3).
We chose to use electrophysiological measurements in Xenopus
laevis oocytes to examine the interaction of the sFab with the

KvKcsA channel, a convenient technique allowing for a rapid
functional assay. For clarity, the sequence alignment of the pore
domain of the KvKcsA channel with that of the KcsA channel is
shown in Fig. 4 A. As a control, electrophysiological measure-
ments were also performed on the unmodified Kv1.2/2.1 chimera
(referred to as the KvWT). Macroscopic currents were recorded
in Xenopus oocytes using pulses from −60 to +70 mV at 10 mV
increments (Fig. 4, B–F). It was observed that the addition of
sFab strongly affects the voltage-dependent activation of the
KvKcsA construct, but not of the KvWT channel. The presence of

Figure 4. Functional effect of the sFab on the voltage-gated Kv1.2–Kv2.1 chimera channel (KvWT) and on a construct in which the Kv1.2–Kv2.1 turret
was substituted by that of KcsA (KvKcsA). (A) Sequence alignment of the pore domain of the Kv1.2–Kv2.1 channel with that of the KcsA channel. The turret
interacting with the sFab is indicated by a dashed box. (B–E) Macroscopic currents of the full-length KvWT channel and of the KvKcsA construct recorded in
Xenopus oocytes using pulses from −60 to +70 mV at 10mV increments to test the functional impact of the sFab (n = 10). (B and C) KvWT current without sFab
(B) and with 8 µM sFab (C). (D and E) KvKcsA construct current without sFab (D) and with 8 µM sFab (E). (F) I–V curve for the different experiments showing
the effect of sFab on the conductance of the KvWT and KvKcsA channels.
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sFab had virtually no effect on the voltage-dependent activation
and conductance of KvWT (Fig. 4, B and C). Conversely, binding
of sFab dramatically reduced the voltage-dependent activation of
the KvKcsA construct (Fig. 4, D and E), reducing its conductance
to ∼26% (Fig. 4 F). Washout of the sFab for up to 30 min resulted
in a conductance recovery up to only ∼37% of the original apo
state (data not shown), indicating that sFab binds tightly to the
turret loop of the KvKcsA construct. The functional assay shows
that the sFab is able to bind to the KcsA turret substituted in
another K+ channel. From a functional perspective, these ob-
servations are intriguing because the Fab fragment from the
original mAb (mouse IgG) is known to reduce the amount of
inactivation observed inmacroscopic recordings of theWT KcsA
channel (Cordero-Morales et al., 2006). At this point, one cannot
determine whether sFab promotes inactivation or some other
nonconductive state of the KvKcsA construct. Further studies
will be required to draw more definitive conclusions about the
functional impact of the sFab on K+ channels.

Discussion
With the availability of synchrotron sources and advanced
structure determination software, the success of determining
macromolecule structures by x-ray diffraction is often limited to
challenges related to obtaining ordered crystals diffracting at
high resolution. Numerous early studies showed the promise of
using antibody-based reagents as effective crystallization chap-
erones (Ostermeier et al., 1995; Zhou et al., 2001; Hunte and
Michel, 2002), and building on these successes, the approach
has transformed the field of membrane structural biology (Uysal
et al., 2009; Li et al., 2014; Borowska et al., 2015; Mateja et al.,
2015; Stuwe et al., 2015). Analysis of these structures indicates
that Fabs improve crystal structures via stabilization of certain
protein conformations or by forming crystal lattice contacts that
permit more productive crystal packing opportunities. More
recently, Fabs have also been employed in myriad single particle
cryo-EM studies to stabilize certain conformations and increase
the overall size of small protein molecules (Wu et al., 2012;
Dominik et al., 2016; Paduch and Kossiakoff, 2017). Nonetheless,
Fabs produced by monoclonal technology remain a challenge to
produce since they are obtained from animal immunizations and
require proteolytic digestion of full Igs. To circumvent these
problems, we developed a simple computational methodology
for converting a Fab from monoclonal to recombinant form.

An sFab that targets the turret loop of the KcsA channel was
designed based on grafting the CDR loops from the parent
monoclonal onto the Herceptin Fab scaffold modified for struc-
tural studies. The overall conformation and the CDRs of the sFab
were then verified using ROSETTA. The sFab can be expressed
in E. coli in a form that can be directly used for structural and
functional studies, thus, eliminating the time-consuming and
costly steps required for the generation and purification of Fabs
from monoclonal antibodies. From a practical point of view, the
described methodology can guide the rapid production of re-
combinant Fabs needed for structural studies in a cost-effective
manner. The sFab could be used to successfully obtain ordered
crystals of the KcsA channel diffracting to a good resolution.

Importantly, the sFab is clearly not a simple copy of the original
wtFab, as reflected by the significant changes in the water
content and unit cell dimensions of the crystals (Fig. 2).

An important adjunct for the development of sFab for
structural studies of KcsA is the finding that the turret loop,
which serves as the sFab’s docking site, is structurally conserved
across a number of homologous potassium channels (Fig. 3).
Thus, it can potentially be exploited as a docking module that
can be coupled with sFab to facilitate structure determination of
a number of related K+ channels by x-ray crystallography as a
crystallization chaperone. Additionally, because K+ channels are
generally too small for cryo-EM, the turret loop sFab could be
employed as a fiducial marker to increase the size of the
particle. Recently, a similar approach of using Fabs targeting
portable structure motifs have been successfully utilized as
crystallization chaperones and/or a fiducial markers for small
membrane proteins (Dutka et al., 2019; Mukherjee et al.,
2020; Bloch et al., 2021; McIlwain et al., 2021) Furthermore,
the observation that the sFab inhibits a voltage-gated channel
construct, in which the binding KcsA turret loop was
substituted (Fig. 4), is very encouraging. While these results
were obtained with only one system, they suggest that the
combination of the sFab and turret loop engineering could
provide a useful platform for rapid functional and structural
studies of a variety of K+ channels.

Data availability
All data that support the method described in this study is
provided in the manuscript and by the corresponding author
upon request. All the structures are deposited and found in the
PDB under accession code 7MDJ.
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Supplemental material

Provided online is Table S1. Table S1 summarizes data collection and refinement statistics for sFab–KcsA.

Figure S1. Full-length alignment of sFab andwtFab for the heavy and light chain. The regions highlighted in red indicates similarity between the sFab and
the wtFab. The complementarity-determining regions (CDRs) are indicated as H1, H2, and H3 for the heavy chain, and L1, L2, and L3 for the light chain.
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