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Abstract  
Nanobody-fluorescent protein pairs are powerful tools in imaging, protein purification, and structural biology 
studies. While thermostable green fluorescent protein (TGP) offers improved characteristics over conventional GFP, 
nanobodies that specifically recognize TGP remain relatively limited. Here, we report the screening and identifi
cation of a synthetic nanobody Sb32 that binds TGP with nanomolar affinity using the ribosome technique. The 
crystal structure of the Sb32-TGP complex, solved at 1.82 Å resolution, reveals an unusual binding mode in which 
complementarity determining region 2 (CDR2) provides the major contribution, rather than the typically dominant 
CDR3. Moreover, the interface is stabilized by an extensive hydration network, which compensates for relatively few 
direct contacts and may explain the fast association and dissociation kinetics observed for this complex. These 
findings expand the repertoire of TGP-specific nanobodies and highlight an alternative strategy by which nano
bodies achieve high affinity. Sb32 provides a new reagent for TGP-based applications, with potential utility in 
membrane protein purification and structural studies. 
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Introduction 
Llamas and sharks produce heavy-chain-only antibodies that lack 
the light chains and the constant regions present in conventional 
IgG antibodies. The variable heavy domain of heavy chain (VHH), 
commonly known as a nanobody due to its small size (~14 kDa), 
has emerged as a powerful tool for both basic and biomedical 
applications. Caplacizumab, the first Food and Drug Administration 
(FDA)-approved nanobody drug used to treat adult patients with 
acquired thrombotic thrombocytopenic purpura [1], marked a 
milestone in this field and has spurred further basic and clinical 
research into their development and application in cancer [2–8], 
autoimmune immunotherapy [9–11], and infectious diseases [12]. 

The advantages of nanobodies stem from their single-domain 
nature and small size. At the organism or tissue level, their 
compactness allows high permeability, rapid diffusion, and fast 
clearance. This makes nanobodies attractive for in vivo imaging 
applications [13], such as radiolabeled positron emission tomo
graphy (PET) in oncology [14]. At the molecular level, their small 

size enables recognition of epitopes that are otherwise inaccessible 
to conventional IgG antibodies, establishing them as promising 
neutralizing agents against bacterial [15], fungal [16], parasitic, and 
viral pathogens [15,17–21]. 

The single-domain architecture of nanobodies also contributes to 
exceptional stability, withstanding heat and chemical stresses such 
as reducing agents. This property facilitates long-term storage, 
transport, production [22], and intracellular applications, where the 
reducing environment often disrupts disulfide bonds of conven
tional antibodies. Such cellular stability has enabled the develop
ment of innovative tools, exemplified by the recently described 
ALFA Nb-guided endogenous labeling (ANGEL) strategy [23], 
where fluorescently labeled nanobodies are engineered to selec
tively report successful genome edits and enable dynamic protein 
studies in living cells. Furthermore, the remarkable stability of 
nanobodies not only supports their systemic administration but also 
makes inhaled delivery feasible, as nanobodies can remain effective 
after nebulization [24]. This route of administration is especially 
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attractive for combating respiratory viral infections, as it allows 
direct targeting of the respiratory tract while bypassing the need for 
intravenous infusion or hospital-based care. Such an approach 
could significantly reduce the burden on healthcare facilities, 
particularly during widespread and prolonged outbreaks such as 
SARS-CoV-2, when medical resources are strained and timely 
access to treatment is critical. 

Nanobodies have also transformed structural biology, particu
larly in the membrane protein field. Tightly bound nanobodies can 
serve as crystallization chaperones, addressing the challenge that 
membrane proteins often lack suitable surfaces for crystal packing 
[25–28]. In cryo-electron microscopy (cryo-EM), nanobodies can 
act as fiducial markers to improve particle alignment [29]. Their 
modularity and ease of engineering have further expanded their 
utility, giving rise to variants such as macrobodies (nanobody fused 
rigidly to maltose-binding protein, MBP) [30], megabodies (chimeras 
of nanobodies with larger scaffolds) [31,32], NabFabs (anti-nano
body Fabs) [33], Legobodies (MBP variants noncovalently linked to 
NabFabs) [34–36], and covalently linked homo or hetero Di- 
Gembodies [37]. These engineered constructs increase the apparent 
size of small proteins, helping push the boundaries of current 
molecular weight limits accessible for the cryo-EM method. 
Furthermore, unlike IgG/Fab fragments, which often contain crevices 
suited for linear epitopes, nanobodies preferentially recognize three- 
dimensional conformational epitopes, as such crevices are difficult to 
form within their single-domain structures. This specificity can be 
exploited to stabilize dynamic protein conformations that are 
otherwise difficult to capture [38]. Prominent examples include 
nanobodies that lock G protein–coupled receptors (GPCRs) in active/ 
inactive states for signaling studies [38–41] and trap transporters 
[42,43] in specific snapshots for structure determination. 

Thermostable green fluorescent protein (TGP) is a heat-resistant 
GFP originating from coral [44]. As a bright fusion partner, TGP 
facilitates convenient monitoring of membrane protein expression, 
solubilization, and purification [45–48], similar to conventional 
GFP. Compared with jellyfish GFP, TGP offers several advantages as 
a fusion partner, including higher expression yields of target 
proteins and more accurate reporting of membrane protein stability 
[49,50] in fluorescence-detection size exclusion chromatography 
(FSEC) assays [51]. However, unlike jellyfish GFP, nanobodies 
against TGP remain scarce [49,52], limiting their broader use as 
affinity reagents or structural biology tools. For example, a recent 
study demonstrated the use of a nanobody-GFP complex to 
construct a ‘Di-Gembody’, in which the anti-GFP nanobody is 
covalently linked to another nanobody targeting a membrane 
protein of interest [37]. By increasing the apparent size of the target 
protein by ~40 kDa, this approach facilitates cryo-EM analysis of 
small membrane proteins that are otherwise refractory for success
ful image alignment. Being more stable than conventional GFP, TGP 
may provide a better alternative in such applications. However, the 
Di-Gembody strategy often requires trial-and-error tests because the 
nanobody-fluorescence protein complex may sterically clash with 
the target, depending on the binding mode [37]. Therefore, having 
multiple nanobody-fluorescence protein options is desirable for 
screening in such applications. 

In the present study, we report the screening and structural 
characterization of a high-affinity synthetic nanobody (sybody) 
against TGP. The crystal structure solved at 1.82 Å resolution 
reveals the molecular details of the sybody-TGP interactions and 

provides insight into the binding kinetics. This newly characterized 
sybody expands the toolkit for membrane protein purification and 
structural studies. 

Materials and Methods 
Purification of TGP 
TGP was expressed in Escherichia coli as a C-terminally hexa- 
histidine-tagged protein. BL21 (DE3) cells carrying the plasmid 
pETSG [49,53] were induced at an optical density at 600 nm (OD600) 
of 0.6–0.8 for 20 h at 20°C using 1 mM isopropyl-β-D-thiogalacto
pyranoside (IPTG; I67588; ABCONE, Shanghai, China). Cells from 
100 mL culture were suspended in Buffer A (150 mM NaCl and 
50 mM HEPES, pH 7.5) supplemented with 1 mM PMSF. Cells were 
disrupted with an ultrasonic cell disruptor (JY92-IIN; SCIENTZ, 
Ningbo, China) for 10 min in an ice-water bath. The cell lysate was 
clarified by centrifugation at 20,000 g for 15 min at 4°C. The 
supernatant was heated at 65°C for 15 min to denature non-target 
proteins and cooled in an ice-water bath, followed by centrifugation 
at 20,000 g for 15 min at 4°C to remove precipitates. The 
supernatant containing heat-resistant TGP was incubated with 
0.6 mL of Ni-NTA slurry (30450; QIAGEN, Hilden, Germany) for 1 h 
with gentle agitation at 4°C. The beads were loaded into a gravity 
column and washed with 20 column volumes (CVs) of Buffer A 
supplemented with 30 mM imidazole. TGP was then eluted using 
400 mM imidazole in Buffer A. TGP was quantified using 
absorbance at 280 nm measured on a Nanodrop machine (Thermo 
Scientific, Waltham, USA) with a theoretical molar extinction 
coefficient of 31,985 M–1 cm–1. 

Purification of the sybody 
Sybody was expressed in E. coli as a C-terminally His-tagged 
protein. MC1061 cells (60514-1; Lucigen, Middleton, USA) carrying 
the plasmid pSB_init_Sb32 were induced at an OD600 of 0.6–0.8 for 
20 h at 22°C. Cells were lysed by osmotic burst as follows. Cells 
from 1 L of culture were resuspended in 20 mL of high-osmolarity 
TES buffer (0.5 M sucrose, 0.5 mM EDTA, and 0.2 M Tris-HCl, pH 
8.0) for dehydration at 4°C for 0.5 h. Dehydrated cells were 
rehydrated abruptly by diluting the cells with 40 mL of ice-cold 
MilliQ H2O (Millipore, Darmstadt, Germany) at 4°C for 1 h. 
Periplasmic extracts were collected as the supernatant fraction 
after centrifugation at 20,000 g at 4°C for 30 min. After being 
adjusted to contain 150 mM NaCl, 2 mM MgCl2, and 20 mM 
imidazole, the supernatant was added to two milliliters of Ni-NTA 
resin pre-equilibrated with 20 mM imidazole in Buffer B (150 mM 
NaCl and 20 mM HEPES, pH 7.5). Batch binding was performed by 
gently mixing the two at 4°C for 1.5 h. The resin was then packed 
into a gravity column and washed with 20 CV of 30 mM imidazole in 
Buffer B. The sybody was eluted using 250 mM imidazole in Buffer 
B. Sybody proteins were quantified using absorbance at 280 nm 
measured on a Nanodrop machine with a molar extinction 
coefficient of 25,565 M–1 cm–1. 

Sybody selection—ribosome display and phage display 
TGP containing a C-terminal Avi-tag (GLNDIFEAQKIEWHE) 
(TGPAvi) and a 3C-cleavable His-tag [49] was purified the same 
way as described above. For enzymatic biotinylation, the protein at 
4.5 mg/mL was incubated with 0.13 mg/mL His-tagged BirA, 
0.72 mg/mL His-tagged 3C protease, 5 mM ATP, 10 mM magnesium 
acetate, and 0.23 mM biotin in a 500 μL volume and incubated at 
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4°C for 11 h. The reaction mixture was mixed with 0.5 mL pre- 
equilibrated Ni-NTA resin for 1.5 h to remove His-tagged 3C 
protease and BirA. The flow-through fraction containing biotiny
lated TGPAvi was further purified by gel filtration on a Superdex 200 
increase 10/300 GL column (28990944; Cytiva, Marlborough, USA) 
pre-equilibrated with buffer containing 150 mM NaCl and 20 mM 
Tris-HCl, pH 8.0. Fractions with absorbance at 493 nm were pooled, 
adjusted to 0.6 mg/mL, aliquoted, flash-frozen with liquid nitrogen, 
and stored at –80°C before use. 

In vitro translation was performed using the PUREfrex 2.1 kit 
(PF213-0.25-EX; Genefrontier, Chiba, Japan) supplemented with 
the disulfide bond isomerase DsbC (DS supplement; PF005-0.5-EX; 
Genefrontier) per the manufacturer’s instructions and as described 
previously [49]. The in vitro translation products were diluted with 
100 μL ice-cold buffer containing 150 mM NaCl, 50 mM magnesium 
acetate, 0.5% (w/v) BSA, 0.1% (w/v) Tween 20, 0.5% (w/v) 
heparin, 1 μL RNaseIn (RNase inhibitor; N2611; Promega, Madison, 
USA), and 50 mM Tris acetate, pH 7.4. After centrifugation at 20,000 
g for 5 min at 4°C, biotinylated TGPAvi was incubated with the 
supernatant for 20 min. Pull-down was then performed by adding 
streptavidin beads (Dynabeads MyOne Streptavidin T1; 65601; 
Invitrogen, Carlsbad, USA) into the mixture to recover mRNA 
encoding TGP binders. After reverse transcription with the primer 
5′-CTTCAGTTGCCGCTTTCTTTCTTG-3′, the cDNA library was 
amplified using the primer pairs 5′-ATATGCTCTTCTAGTCAGGTT
CAGCTGGTTGAGAGCG-3′ and 5′-TATAGCTCTTCATGCGCTCA
CAGTCACTTGGGTACC-3′. The DNA products were gel-purified, 
digested with BspQI (R0712; New England Biolabs, Ipswich, USA), 
and ligated into the vector pDX_init (110101; Addgene, Watertown, 
USA) digested with the same enzyme. Ligation products were 
transformed into 0.35 mL of E. coli SS320 competent cells by 
electroporation using a Bio-Rad MicroPulser Electroporator (Bio- 
Rad, Hercules, USA) with a voltage of 2400 V. Phage display was 
performed in a 96-well plate coated with 60 nM neutravidin (31000; 
Thermo Fisher Scientific, Waltham, USA). To recover phage, 40 mL 
of cell culture was mixed with 10 mL ice-cold solution containing 
20% PEG 6000 and 2.5 M NaCl to precipitate the phage particles. 
After a 30-min incubation, the mixture was centrifuged at 3220 g for 
30 min at 4°C. Phage particles in the pellet fraction were 
resuspended in 1 mL of PBS buffer. Phage particles were clarified 
by another centrifugation step at 20,000 g for 30 min at 4°C. The 
supernatant was diluted in 5.0 mL of panning solution [0.5% (w/v) 
BSA, 0.1% (w/v) Tween 20, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4] 
and then incubated with 50 nM biotinylated TGPAvi for 10 min. The 
mixture (4.7 mL) was then added to 47 wells of the aforementioned 
neutravidin-coated 96-well plate for incubation. After 10 min, the 
plate was washed, and phage particles were proteolytically eluted 
from the beads by adding trypsin (sc-391055; ChemCruz, Dallas, 
USA) to a final concentration of 0.25 mg/mL. The enriched phage 
particles (4.7 mL) were used to infect 45 mL of E. coli SS320 cells at 
an OD600 of 0.6. After culturing at 37°C overnight, 1 mL of culture 
was seeded into 50 mL of fresh medium, and the cells were allowed 
to grow to an OD600 of 0.6. Cells (10 mL) were then infected with 
M13KO7 helper phage (N0315S; New England Biolabs, Ipswich, 
USA) to assemble the whole phage particles. Phage particles were 
harvested as described above and resuspended in 1 mL of PBS. One 
hundred microliters of panning solution containing 5 × 1012 phage 
particles were used to perform the second and third rounds of phage 
display using 12 μL MyOne Streptavidin C1 Dynabeads (65001; 

Invitrogen) as the immobilizing matrix. TGPAvi was included at 
50 nM and 5 nM for the second and third phage display, 
respectively. Phagemids from the 3rd phage display were extracted 
and subcloned and inserted into the pSb_init vector (110100; 
Addgene) using fragment-exchange (FX) cloning and transformed 
into E. coli MC1061 for expression and purification. 

MC1061 colonies were cultured in a 96-well plate. After overnight 
induction, the cells were spun down and treated by osmotic shock 
as mentioned above. For FSEC screening, 50 μL of periplasmic 
extraction was incubated with 1 μL of TGP to have a final TGP 
concentration of 3–5 μg/mL. One microliter of the mixture was 
applied onto an analytic gel filtration column (Cytiva) connected in 
a Shimadzu HPLC machine equipped with a fluorescence detector 
(RF-20A; Shimadzu, Kyoto, Japan). The elution profile was 
monitored by fluorescence with an excitation wavelength of 
482 nm and an emission wavelength of 508 nm. 

Biolayer interferometry assay 
Biolayer interferometry assay was performed using an Octet system. 
Biotinylated TGPAvi was immobilized onto a streptavidin (SA) 
sensor (18-5019; ForteBio, Menlo Park, USA) by incubating the 
sensor in TGPAvi (2 μg/mL) solution in a buffer containing 0.005% 
(v/v) Tween 20, 150 mM NaCl, and 20 mM HEPES, pH 7.5. The 
sensor was then placed in a sybody-free buffer until the signal 
became flat. The SA sensor was incubated with the same buffer 
supplemented with 10 nM sybody (association phase) and then the 
sybody-free buffer (dissociation phase). The data were fitted using a 
1:1 stoichiometry with the built-in software Data Analysis 10.0. 

Crystallization 
The TGP protein used for crystallization contained residues 1-218 of 
TGP with a SGGGSGGG linker between the C-terminal octa- 
histidine tag [49]. TGP and Sb32 were mixed at a molar ratio of 
1:1.2, and the complex was purified on a gel filtration column in 
running buffer containing 150 mM NaCl and 20 mM HEPES, pH 7.5. 
Pooled fractions with absorbance at 493 nm were concentrated to 
20 mg/mL using a 10-kDa cutoff filtration membrane (UFC501096; 
Merck Millipore, Burlington, USA). Sitting drop crystallization was 
performed using a Gryphon robot by depositing 0.15 μL of the 
precipitant solution on top of an equal volume of protein with 70 μL 
of solution in the reservoir. Crystallization plates were incubated at 
20°C in an incubator. Crystals were grown in a precipitant solution 
containing 0.2 M ammonium sulfate, 20% (w/v) polyethylene 
glycol 8000, and 0.1 M Na-MES, pH 6.5. 

X-ray diffraction data collection 
Crystals were harvested on day 21 using a MiTeGen loop (M5-L18SP 
series; Ithaca, New York, USA) under a light microscope (Model 
BX43F; Olympus, Tokyo, Japan). Single crystals harvested on loops 
were soaked stepwise in the precipitant solution supplemented with 
15% (v/v) glycerol before being plunged into liquid nitrogen for 
cryo-cooling. X-ray diffraction data were collected at beamlines 
18U1 at the National Facility for Protein Science in Shanghai (NFPS) 
at Shanghai Synchrotron Radiation Facility with a 50 μm × 50 μm 
beam on a Pilatus 6 M detector with oscillation of 0.5° and a 
wavelength of 0.97930 Å. Diffraction spots were integrated using 
XDS [54], scaled and merged using Aimless [55]. The TGP-Sb32 
structure was solved by molecular replacement using Phaser [56] 
with three TGP monomers and three sybody molecules taken from 
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the Sb44-TGP structure (PDB ID 6LZ2) [49] as the search models. 
The model was built with 2Fo-Fc maps in Coot [57] and refined 
using Phenix [58]. The structure was visualized using PyMOL [59]. 

Results 
Screening of nanobodies against TGP from a synthetic 
library 
To identify nanobodies specific for TGP, we performed ribosome 
display using a synthetic concave library (see Materials and 
Methods) [60]. Briefly, a high-quality synthetic mRNA library was 
displayed on ribosomes in a test tube. mRNA encoding potential 
TGP binders was captured using beads coated with biotinylated 
TGP and reverse-transcribed into cDNA. The number of cDNA 
copies was semi-quantified by quantitative polymerase chain 
reaction (qPCR) using a standard curve from calibration experi
ments with known amounts of plasmid DNA. The copy number was 
determined to be 2.8 × 108 (Figure 1A), a diversity that was within 
the range of electroporation transformation efficiency. The cDNA 
was then subcloned and inserted into a phage display library for 
further panning. In the panning process, phage particles were first 
bound with beads immobilized with biotinylated TGP and washed 
before being eluted by tryptic digestion. The copy number of phage 
particles was also semi-quantified by qPCR. The same process was 
repeated using a maltose-binding protein (MBP) as a control to 
assess the enrichment of TGP-specific binders. 

TGP-specific particles were enriched by 10-fold after the first 
phage display cycle, and the enrichment fold increased drastically to 
over 7000-fold after the second round of phage display (Figure 1A). 

To screen high-affinity binders, a more stringent panning condition 
was employed for the third phage-display cycle (see Materials and 
Methods). The resulting library was subcloned and inserted into an 
expression vector, and the periplasmic extract from clones in a 96- 
well plate was used to screen binders using fluorescence-detection 
size-exclusion chromatography (FSEC). We chose a positive clone 
named Sb32 for downstream characterization. 

Sb32 caused a leftward shift of elution volume (Ve) of TGP on 
FSEC (Figure 1B), indicating the formation of a complex. Preparative 
gel filtration and SDS-PAGE analysis (Figure 1C) confirmed the co- 
elution of Sb32 and TGP. The deduced amino acid sequence of Sb32 
(Figure 1D) was different from the two previously characterized 
sybodies, Sb44 [49] and Sb92 [52]. Biolayer interferometry (BLI) 
analysis showed a kon of 5.3 × 105 M–1 s–1 and a koff of 1.4 × 10–2 s–1 

(Figure 1E). The resulting equilibrium dissociation constant 
(KD) was 26 nM, indicating the formation of a relatively tight 
complex. 

Crystal structure determination of the Sb32-TGP 
complex 
To gain structural insight into Sb32-TGP interactions, the complex 
was purified and crystallized. Yellow crystals formed readily in 
precipitant solutions containing ammonium sulfate and high- 
molecular weight polyethylene glycol (Figure 1F). Crystals typically 
appeared within one day and grew to a final size of ~100 μm × 30 
μm × 10 μm within ten days at room temperature (20°C). 

The crystals diffracted to 1.82 Å resolution at a synchrotron light 
source (Table 1). Data processing revealed that the crystals 

Figure 1. Screening and biophysical characterization of the Sb32-TGP complex (A) Quality assessment of the nanobody selection steps. RD, 
ribosome display; PD, phage display. (B) Fluorescence-based size exclusion chromatography of TGP in the absence (black) or presence (red) of 
Sb32. (C) SDS-PAGE of TGP, Sb32, or the co-eluted peak fraction (Elution). The gel was visualized by in-gel fluorescence (left) or Coomassie blue 
staining (right). The apparent molecular weights of homemade fluorescence markers (M) are indicated on the left. (D) Sequence of Sb32. Amino 
acids in the CDRs (marked by vertical lines) and the CDR-flanking residues (italicized) are color-coded as indicated in the dashed box. Randomized 
residues are underlined. Tag residues are shown in grey. (E) Kinetic profile of Sb32 binding to TGP. A sensor coated with streptavidin was 
saturated with 2 μg/mL biotinylated TGP. The sensor was then soaked in 10 nM Sb32 before back-soaking with sybody-free buffer at the indicated 
time points. Data (solid line) were fitted with built-in software (dotted line) from which the kinetic parameters were calculated. (F) Crystals from 
crystallization trials of the Sb32-TGP complex. The precipitant solution contained 0.2 M ammonium sulfate, 20% (w/v) polyethylene glycol 8000, 
and 0.1 M Na-MES, pH 6.5. Crystals were grown in a sitting drop plate in an incubator at 20°C.  
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belonged to the C121 space group with unit cell dimensions a = 
162.47, b = 89.92, c = 111.24 Å, and β = 112.12° (Table 1). Matthews 
coefficient analysis suggested either three complexes per asym
metric unit (59.2% solvent content) or four complexes (45.6% 
solvent content). Molecular replacement using individual TGP and 
sybody models identified three copies of the Sb32-TGP complex in 
the asymmetric unit. Structural models were built in Coot and 
refined with Phenix, yielding Rwork and Rfree values of 14.94% and 
17.18% (Table 1), respectively. Despite the absence of non- 
crystallographic symmetry (NCS) restraints during refinement, the 
Cα root-mean-square deviation (RMSD) among NCS-related mole
cules was only 0.12 Å. Therefore, a single representative pair, Chain 
A (TGP) and Chain B (Sb32), was selected for subsequent structural 
descriptions. 

Overall structure of the complex 
Sb32 binds to TGP at the side of the β-barrel, burying 529.7 Å2 of 
surface area (Figure 2A). Consistent with the notion that nanobo
dies generally recognize three-dimensional epitopes, Sb32 engages 
with TGP via residues distributed across strands β1, β5, and β6 and 
the flanking regions of β4 and β9 (Figure 2B). All three 
complementarity-determining regions (CDRs) contribute to TGP 
binding. However, unlike most naturally occurring nanobodies, 
where CDR3 provides the major contribution, Sb32 interacts with 
TGP primarily through CDR2. This binding mode reflects the design 
of the Concave library [60]: CDR3 was intentionally kept very short, 
with only five residues, and only two of these residues, facing away 
from the nanobody core, were randomized (Figure 1D). As 
described in an original paper [60], this design, together with 
additional residues forming a stable hydrophobic core, maintains 
the concave shape of the antigen-recognition surface. To compen
sate for the limited diversity of CDR3, several residues in CDR1, 
CDR2, and their flanking regions were randomized (Figure 1D), 
effectively shifting the paratope toward CDR2 and explaining why 
CDR2 makes the predominant contribution to TGP binding. 

Molecular basis for Sb32-TGP binding 
Shape complementarity is a key determinant in protein-protein 
interactions [61]. In the Sb32-TGP complex, this complementarity is 
exemplified by the insertion of the bulky Trp56 of CDR2 into a 
surface dent formed by the aliphatic portions of three charged TGP 
residues: Glu117’, Glu15’, and Arg13’ (a prime denotes TGP 
residues hereafter) (Figure 2A,C,D). Glu117’ plays a central role 
in the interaction, as Sb32 forms four of its five total hydrogen bonds 
with this residue in a tetradentate arrangement by interacting with 
the side-chain hydroxyls of Thr52 and Ser53 and the backbone 
nitrogen atoms of Ala54 and Trp56 (Figure 2C,D). At the ‘base’ of 
the dent, an intramolecular salt bridge between Glu15’ and Arg13’ 
further stabilizes the interaction network. 

Interactions near CDR2 are reinforced by hydrophobic packing 
involving Sb32 Phe57 and TGP Phe115’, as well as van der Waals 
contacts between His59 from Sb32 and Phe115’/Glu110’ from TGP. 
In CDR1, Lys33 forms a hydrogen bond with the backbone of TGP 
Met109’. In CDR3, Lys99 establishes the sole intermolecular salt 
bridge with TGP Glu85’. Beyond the CDRs, a framework residue, 
Trp47, packs closely against Glu110’, contributing to additional 
complex stability (Figure 2C,D). 

Superimposing the structures of two previously known TGP- 
targeting sybodies, Sb44 and Sb92, onto the Sb32-TGP complex 
(Figure 2E) reveals that the Sb32 and Sb92 epitopes partially 
overlap. Both adopt a head-to-head configuration with Sb44. 
Notably, the C-terminus of Sb32 points in a different direction from 
that of Sb92, making Sb32 an alternative partner for Di-Gembody 
assembly [37] should Sb92 or Sb44 introduce steric hindrance in 
such applications. 

A hydration interaction network 
We observed a notable gap between CDR1/CDR3 and TGP (Figure 
2A), which is unusual given the nanomolar affinity of the Sb32-TGP 
complex. A closer inspection revealed an extensive hydration 
network at the interface (Figure 3A,B). Consistent with the 
observation that CDR2 forms the primary direct contacts with 
TGP, this region is only modestly solvated. CDR3 is located at the 
more peripheral space of the complex that is more open to the bulk 

Table 1. Data collection and refinement statistics 

Item Sb32-TGP 

Data collection   

Space group C121 

Cell dimensions    

a, b, c (Å) 162.47, 89.92, 111.24 

α, β, γ (º) 90, 112.12, 90 

Wavelength (Å) 0.97930 

Resolution (Å) 77.19–1.82 (1.92–1.82)a 

Rmerge 0.086 (0.636) 

Rpim  0.043 (0.353) 

I/σI 12.1 (2.6) 

Completeness (%) 99.4 (99.3) 

Multiplicity 4.9 (4.2) 

CC*b 0.999 (0.960) 

Refinement   

Resolution (Å) 40.61–1.82 

Number reflections 132,462 

Rwork/Rfree 0.1494/0.1718 

Number atoms 9234 

Protein 8007 

Chromophore/glycerol 
Water 

174 
1053 

Number residues 997 

B-factors (Å2) 36.25 

Protein 35.10 

Chromophore/glycerol 
Water 

42.80 
43.91 

R.m.s deviations   

Bond lengths (Å) 0.016 

Bond angles (°) 1.37 

Ramachandran   

Favoured (%) 98.67 

Allowed (%) 1.33 

Outlier (%) 0.00 

PDB ID 9WPI 

aHighest resolution shell is shown in parenthesis. bCC* CC
CC

= 2
1 +

1 /2

1 /2
.  
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solvent; as expected, this region also contained fewer ordered water 
molecules (Figure 3B,C). In contrast, several highly coordinated 
water molecules were observed around CDR2 (Figure 3B,C). 

Overall, 16 ordered water molecules were identified at the Sb32- 
TGP interface, mediating interactions without direct atomic contact. 
Specifically, water molecules 1 and 4 bridge the backbone of Gly101 
from Sb32 with two charged TGP residues, Glu85’ and Lys180’. 
Water molecules 2 and 3 connect the negatively charged Glu110’ of 
TGP with Lys33 of Sb32 and interact with the hydroxyl of Thr35 and 
the indole nitrogen of Trp47. Water molecules 5, 7, and 8 form a 
network linking the main chains of Lys33 and Lys99 from Sb32 with 
Glu85’ from TGP, while water molecule 6 mediates interactions 
between the carbonyls of Pro84’/Glu85’ from TGP and Lys33 from 
Sb32. Water molecule 9 is coordinated by the side chains of His59 
and Lys33 from Sb32 and Thr108’ from TGP. Water molecules 8, 10, 
and 12 bridge backbone atoms of Sb32 Lys33 with Glu85’ and 
Lys180’ from TGP. Water molecules 11 and 12 connect the 
backbone of Sb32 Gln31 with the amine group of Lys180’ in TGP. 
Water molecules 13, 14, and 15 form a hydrogen-bond relay linking 
the side-chain oxygen atoms of TGP Thr108’ and Asp106’ to the 

backbone nitrogen of Sb32 Ser53. Finally, Water molecule 16 
coordinates with TGP Asp106’ and Sb32 residues Gln31 and Ser53 
(Figure 3C,D). 

Discussion 
Nanobodies are increasingly recognized as versatile tools in basic 
research. In particular, nanobody-fluorescent protein pairs, such as 
those targeting GFP or mCherry, are used to monitor pathogen-host 
interactions [62], track cellular events [63], facilitate affinity 
purification of fusion membrane proteins [64], and aid cryo-EM 
structural determination [37]. As a thermostable fluorescent 
protein, TGP provides an improved alternative for biological 
studies, yet structurally characterized nanobodies against TGP are 
lacking. In this study, we filled this gap by generating a high-affinity 
sybody against TGP and revealing high-resolution details of the 
antigen-antibody interactions. These structural insights provide a 
framework for rational engineering of the complex, both compo
nents of which are amenable to genetic and chemical modifications. 

The binding kinetics of Sb32-TGP are noteworthy. Despite a fast 
dissociation rate, the overall affinity is reported in the nanomolar 

Figure 2. Structure of the Sb32-TGP complex (A) Surface representation of Sb32 (light grey) bound with TGP (dark green). CDR1, CDR2, and 
CDR3 and their flanking residues are colored cyan, yellow, and magenta, respectively. (B) Cartoon representation of Sb32 (light grey) bound with 
TGP (grey). CDR1, CDR2, and CDR3 and their flanking residues are colored cyan, yellow, and magenta, respectively. TGP epitope residues are 
colored green. TGP β-strands are marked with numbers. The N- and C-termini of Sb32 and TGP are labeled with N/C. (C) The Sb32-TGP interaction 
network. TGP residues (green) and Sb32 residues (colored coded by CDRs as indicated in panels A/B) at the interaction interface are shown as 
sticks. Main chain atoms are omitted for stick representation unless they are involved in direct interactions. Framework residues are colored grey. 
Hydrogen bonds and salt bridges with distances within 3.4 Å are shown as black dashed lines. (D) Summary of the Sb32-TGP interaction. H-bond, 
hydrogen bonding; HPB, hydrophobic; VDW, van der Waals. (E) Comparison of the binding mode between Sb32 (this work) and two previously 
reported TGP-targeting sybodies, Sb44 (PDB ID 6LZ2) [49] and Sb92 (PDB ID 7CZ0) [52]. Structural models of Sb44 (orange) and Sb92 (blue) were 
superimposed onto the Sb32-TGP complex with TGP (green) as the reference.  
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range, reflecting a rapid association rate. In applications where 
higher apparent affinity or slower dissociation is desired, divalent 
forms of Sb32 could be employed to leverage avidity effects. Based 
on our previous experience, direct divalent fusions or Fc-mediated 
dimerization can increase apparent affinity by up to three orders of 
magnitude. 

Interestingly, despite its nanomolar affinity, the footprint of Sb32 
on TGP is relatively small, with a buried surface area of only 519 Å2, 
which is substantially lower than those observed from our previous 
nanomolar-affinity sybodies [17-20]. Specifically, Sb44 and Sb92 
engage with TGP with buried surface areas of 836 Å2 and 619 Å2, 
respectively [49,52]. In line with this, Sb44 (KD = 4.4 nM) [49] and 
Sb92 (KD = 3.3 nM) [49] bind to TGP with KD values approximately 

one order of magnitude lower than Sb32 (KD = 26 nM). The limited 
direct contact in the Sb32-TGP interaction appears to be compen
sated by an extensive network of ordered water molecules at the 
interface. Such hydration-mediated interactions may also explain 
the fast-on/fast-off kinetic behavior of the Sb32-TGP complex: 
water-mediated interactions are more dynamic than direct contacts, 
as interface water molecules, unlike protein residues, would readily 
exchange with the bulk solvent. This property suggests that the 
affinity of this type of complex may be more sensitive to 
environmental factors, which in cellular contexts could provide 
new opportunities for modulating protein-protein interactions. 
Further structural characterization of similar hydration-mediated 
interfaces could inform de novo antibody design and engineering 

Figure 3. The hydration interaction network that stabilizes the Sb32-TGP complex (A) Surface representation of Sb32 (light grey) bound with 
TGP (dark green). CDR and their flanking residues are color-coded as indicated in the dashed box at the bottom right. The black dashed box 
indicates the gap between Sb32 and TGP where the lack of direct contacts was observed. (B) An expanded view of the dashed box in (A). 
Illustration was made to contain surface representations for proteins (i) or a mix of surface representation (TGP) and stick representation (Sb32) (ii). 
Water molecules are shown as red spheres. Only the Sb32 residues are labeled. (C) Detailed interaction network at the hydrated interface. Black, 
green, and red letters mark protein residues from Sb32 (cyan for CDR1, yellow for CDR2, and magenta for CDR3), TGP (green sticks), and water 
molecules (red sphere), respectively. (D) Electron density map (2Fo–Fc) (grey mesh) of key residues from Sb32 (i) and TGP (ii), as well as water 
molecules discussed in the text contoured at a σ level of 1.0.  
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algorithms, advancing our understanding of protein interactions 
and expanding the toolkit for molecular biology research. 

Data Availability 
Atomic coordinates and structure factors for the reported TGP-Sb32 
structure are deposited in the Protein Data Bank (PDB) under 
accession codes of 9WPI. All other data can be accessed upon 
reasonable request from the corresponding authors. 
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