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Abstract: The green fluorescent protein (GFP)-nanobody is a single-chain V4H antibody domain
developed with specific binding activity against GFP and is emerging as a powerful tool for
isolation and cellular engineering of fluorescent protein fusions in many different fields of
biological research. Using X-ray crystallography and isothermal titration calorimetry, we determine
the molecular details of GFP:GFP-nanobody complex formation and explain the basis of high
affinity and at the same time high specificity of protein binding. Although the GFP-nanobody can
also bind YFP, it cannot bind the closely related CFP or other fluorescent proteins from the mFruit
series. CFP differs from GFP only within the central chromophore and at one surface amino acid
position, which lies in the binding interface. Using this information, we have engineered a CFP
variant (1146N) that is also able to bind the GFP-nanobody with high affinity, thus extending the
toolbox of genetically encoded fluorescent probes that can be isolated using the GFP-nanobody.
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Introduction

One of the main challenges of 21st century biology is
to develop a comprehensive toolbox for selective
detection, isolation, and analysis of proteins in or
from their native environment and complex mix-
tures. Although much effort has been expended on
the development of such probes based on small mole-
cules, the requirement for their dedicated synthetic
production and difficulties in designing of highly
specific compounds complicates their general appli-
cation. At the same time, the genetically encoded
binders or reporter domain-based probes have
emerged as a dominant theme in all segments of bio-
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logical research. Fluorescent proteins have revolu-
tionized cell biology and biochemistry by providing
easy to use genetically encodable fluorescent protein
tags.! In a parallel development generation and
selection of protein scaffold libraries yielded a range
of selective and tight binders to a range of research
and pharmaceutical protein targets.? One such de-
velopment is the advancement of single-chain anti-
bodies displaying simpler selection and improved
stability, solubility, and yield.?

The Camelid species possess unusual heavy-
chain IgG antibodies, devoid of light-chains and con-
taining a single antigen binding variable domain
(VgH).? This VgH domain is also referred to as a
nanobody, renamed by the company developing these
domains as novel therapeutics, Ablynx. A nanobody
is strictly monomeric, highly stable, and generally
smaller than the Vg variable domain of a classical
antibody and can be readily expressed in heterol-
ogous systems such as bacteria at high levels.
Although the paratope of a classical heterodimeric
antibody is expected to be larger than a nanobody
due to the additional presence of three complemen-
tarity determining regions (CDRs) of the Vi, light
chain, longer CDR loops in the nanobody domains
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combined with greater structural diversity are
expected to compensate for this to some extent.

Typically an antigen-specific nanobody is gener-
ated after immunization of a llama or dromedary,
and the VgH repertoire is cloned from a B lympho-
cyte RT-PCR library into a phage display vector.
Several rounds of panning are then used to select
the highest affinity binding nanobodies, which is far
more efficient than for classical antibodies using het-
erodimeric Vg—Vi, pairs. Nanobodies are now being
used in many different applications, both for thera-
peutic and research purposes. Two interesting recent
developments have been their usage as affinity tags
for isolating and studying the localization of proteins
in cells,*” and as stabilizing agents in protein struc-
tural studies.®1*

Recently nanobodies have been developed to
specifically recognize the green fluorescent protein
(GFP).>5 In the first instance, this was fused to the
red fluorescent protein (RFP) to target this second
chromophore against GFP-tagged proteins expressed
in HeLa cells.® Subsequent studies have utilized the
GFP-targeted nanobody (herein referred to as GFP-
nanobody) to isolate various GFP-tagged proteins
from cell extracts and redirect them to alternative
cellular locations,® and to alter plant phenotypes by
trapping GFP-fusion proteins.” In this study, we
have used X-ray crystallography and isothermal ti-
tration calorimetry (ITC) to determine the molecular
details of GFP:GFP-nanobody complex formation
and determine the possible routes for redirecting its
specificity to other fluorescent proteins.

Results

Structure determination of the
GFP:GFP-nanobody complex

The high specificity and affinity of the GFP-nano-
body interaction with GFP allows quantitative isola-
tion of the latter from crude cell and tissue lysates
enabling a range of biochemical and proteomic appli-
cations. Although both GFP and YFP are recognized
by the GFP-nanobody, the related fluorescent pro-
teins such as CFP, mFruit series, and other red-
shifted proteins are not.>”!® To understand the ba-
sis for specificity of the GFP-nanobody for GFP, we
decided to perform a structural and biophysical anal-
ysis of the GFP:GFP-nanobody interaction. The
GFP:GFP-nanobody complex was assembled by mix-
ing GFP with excess GFP-nanobody and subjecting
the mixture to gel filtration. Gel filtration analysis
indicated that a homogeneous 1:1 assembly of
GFP:GFP-nanobody was formed (not shown), and
the resulting complex was subjected to crystalliza-
tion trials as described in materials and methods.
Several conditions yielded crystals, and here, we
determined the structure of the GFP:GFP-nanobody
complex using crystals of spacegroup P2:2:2, and
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data collected in-house to a resolution of 2.8 A. The
structure was determined by molecular replacement
using separate chains of GFP and an engineered
antibody fragment as search models (Fig. 1, Table I).

Structure of the GFP:GFP-nanobody complex
The conformations of both GFP and the GFP-nano-
body undergo only limited structural changes upon
binding compared with structures of GFP alone and
previously characterized nanobodies, outside of the
expected differences at terminal residues and within
the three CDRs of the nanobody (CDR1-3). Bound
and unbound GFP have an r.m.s.d of 0.3 A over 224
Co atoms. Cys22 and Cys97 of VyH domains typi-
cally form an intradomain disulphide bridge [Fig.
1(B)]. Our data provide evidence for the presence of
a mixed species of GFP-nanobody with oxidized and
reduced cysteines probably due to the presence of
reducing agent DTT in the protein solution. Unusu-
ally stable toward proteolysis and denaturation,
GFP is an 1l-stranded B-barrel wrapped around a
single central helix where each strand consists of 9—
13 residues. The chromophore in classical GFP is
formed from the central helix by spontaneous cycli-
zation of residues Ser65, Tyr66, and Gly67.'° For
the purpose of this study, we used the so-called
enhanced GFP (eGFP), a GFP mutant with
increased brightness, which instead of Ser65, has
Thr65 [Fig. 1(C)].

The typical fold of a nanobody contains a single
antigen binding variable domain (VzH) and exhibits
the classical immunoglobulin fold with a scaffold of
nine antiparallel B-strands forming two sandwiching
B-sheets. Each nanobody has three hypervariable
loops called CDRs, which are the primary regions
that undergo genetic alteration to present an anti-
gen-specific binding surface.® In the complex, all the
three CDRs of the GFP-nanobody make specific con-
tacts with GFP, although the main contacts are
observed between CDR3 of the nanobody and -
strands 8-11 of GFP. [Fig. 1(B,C)]. An expanded
view of the binding interface is presented in Fig-
ure 2. Hydrophilic, hydrophobic, and electrostatic
interactions present at the binding interface deter-
mine high specificity and at the same time high af-
finity of complex formation. Hydrophobic interac-
tions between Phel02 of GFP-nanobody and Leu221,
Ala206, and Phe223 of GFP as well as between
Trp47 of GFP-nanobody with Vall76 and Serl75 of
GFP influence high affinity of the complex. Simulta-
neously, two buried salt-bridges, between GFP
Argl168 and GFP-nanobody Glul03 and GFP Glul42
and GFP-nanobody Arg35, are critical for the speci-
ficity of complex formation. Argl68 of GFP addition-
ally forms a hydrogen bond with the hydroxyl of
Tyr37 of GFP-nanobody and is, therefore, particu-
larly important to the orientation of the binding
interface.

Structure of the GFP-GFP-Nanobody Complex
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Figure 1. Structure of the GFP:GFP-nanobody heterodimeric complex determined by X-ray crystallography. (A) Ribbon
diagram showing perpendicular views of the GFP:GFP-nanobody complex. GFP is shown in green to gold and GFP-
nanobody is shown colored red to pink (N- to C-terminal). The GFP chromophore is shown in stick representation. (B)
Sequence alignment of the GFP-nanobody with other camelid nanobodies of known structure. The CDR regions are

boxed, and the characteristic disulfide bridge indicated. Side-chains that directly contact GFP are indicated by green
triangles. (C) Sequence alignment of GFP with other fluorescent proteins. The three residues that are cyclized to form the
chromophore are boxed in green. Side-chains that make direct contact with the GFP-nanobody are indicated by red

triangles.
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Table I. Summary of Crystallographic Structure
Determination Statistics®

GFP:GFP-nanobody complex

Data collection
Space group
Cell dimensions

P2,2,2

a, b, c(A) 140.1, 147.6, 101.6
o B,y ) 90, 90, 90
Resolution (A) 42.42-2.80 (2.90-2.80)
Riperge 0.080 (0.267)
I/cl 11.8 (2.9)
Completeness (%) 91.8 (72.6)
Redundancy 4.5 (2.6)
Wilson plot B (A) 39.9
Refinement

Resolution (A)
No. reflections/No. Ryee

42.4-2.80 (2.90-2.80)
45703/2300 (3085/159)

R yori/Rree 0.204/0.253 (0.268/0.337)
No. atoms

Protein 10,900

Solvent 312

Average B-factor 34.6
R.m.s deviations .

Bond lengths (A) 0.009

Bond angles (°) 1.18

2 Highest resolution shell is shown in parentheses.

Comparison with other GFP:nanobody
structures

A number of other structures have been reported of
nanobodies in complex with different ligand pro-
teins. In some cases, these structures have been
determined to better understand the mode of bind-
ing used by different nanobody ViH domains, and
in others the nanobodies have been used as specific
tools to assist in the crystallization process, by rigid-
ifying ligand structures and providing alternative
sites for crystal contact formation.5™'* Several repre-
sentative structures are shown in Figure 3 including

the EpsI:Epsd:nanobody complex'® [Fig. 3(B)], the
RNaseA:nanobody complex'* [Fig. 3(C)], and the
lysozyme:manobody complex!” [Fig. 3(D)]. Sequences
of these nanobodies are provided in Figure 1(B). The
most notable difference between the GFP-nanobody
structure and these other nanobodies is the length
and the conformation of the CDR3 loop region. In
most other reported structures, this region is signifi-
cantly extended and folds back over the framework
2 region of the nanobody. In classical antibodies, this
region would provide the interface for the light chain
VL. In the GFP-nanobody structure, the CDR3 loop
is very short and makes significantly fewer contacts
with the GFP ligand compared with other nanobod-
ies. Furthermore, the shortness of this CDR3 loop
exposes the framework 2 region, which in turn
makes an unusually major contribution to the bind-
ing interface with GFP.

In our structure, four copies of the heterodi-
meric complex are present in the asymmetric unit.
As shown in Figure 4(A), there is no significant dif-
ference in the structures of the four copies of the
complex in the asymmetric unit, with less than 0.52 A
r.m.s.d. over 338 Co atoms, confirming that the
interface is relatively rigid in its orientation. Of
greatest direct relevance to the structure reported
here are the recent structures of GFP in complex
with camelid VgH nanobodies that have been
shown to modulate the fluorescence of the GFP
molecule.* In this study by Kirchhofer et al., sev-
eral GFP-binding nanobodies were identified and
screened for their ability to affect GFP fluores-
cence. One nanobody was found to increase GFP
fluorescence intensity by ~50% and was named
the GFP-enhancer, whereas a second nanobody
was found to reduce GFP fluorescence by ~75%
and was named the GFP-minimizer.? The

Figure 2. Details of the GFP:GFP-nanobody interface. (A) View of the binding interface. Residues participating in the interface
are shown as sticks. Proteins are colored as in Figure 1. (B) Close up showing details of the environment surrounding GFP
Asn146. Asn146 is the only side-chain in the interface that varies between GFP and CFP (lle146 in CFP) [Fig. 1(D)] and,
therefore, determines the nanobody specificity. Hydrogen bonds are indicated with dashed red lines.
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Figure 3. Comparison of the GFP:GFP-nanobody complex with other representative camelid nanobody protein complexes.
The representative sequences of each nanobody are given in Figure 1(B). In each structure the nanobody is shown as a
yellow worm with CDR1 colored blue, CDR2 colored red, and CDR3 colored green. The bound proteins are shown as surface
representations with atoms that contact each CDR loop colored, respectively. (A) The GFP:GFP-nanobody complex. (B) The
Epsl:EpsJ:nanobody complex (PDB ID 3CFI'). (C) The RNaseA:nanobody complex (PDB ID 1BXQ'). (D) The

lysozyme:nanobody complex (PDB ID 1JTO").

structures of the GFP:GFP-enhancer and
GFP:GFP-minimizer complexes are shown in Fig-
ure 4(B,C) respectively, and compared with the
GFP:GFP-nanobody complex. As can be seen in
Figure 4(B), the GFP-enhancer VyH domain
adopts the same binding orientation to the GFP-
nanobody reported here, and in fact when the
sequences are compared the two proteins are
identical [Fig. 1(B)] (although notably the crystal
forms are different). As discussed by Kirchhofer et
al., the binding of GFP by the GFP-enhancer/
GFP-nanobody molecule acts to stabilize GFP
Argl68 (in particular through a direct salt bridge
to GFP-nanobody/GFP-enhancer side-chain
Glul03) in an orientation that positions GFP
His148 in very close proximity to the chromo-
phore hydroxyl. This was proposed to improve

Kubala, et al.

proton extraction, which results in brighter fluo-
rescence. In contrast the GFP-minimizer VgH do-
main binds in a completely different orientation
to the GFP-nanobody/GFP-enhancer, although it
does utilize an overlapping GFP surface that
results in competitive binding between the two
nanobodies* [Fig. 4(C)].

Kinetics of the GFP:GFP-nanobody interaction
measured by biolayer interferometry

To estimate kinetic parameters of GFP-GFP-nano-
body interactions, interferometry using the Octet
RED analyzer was used. GFP-nanobody-coated sen-
sors were exposed to GFP dilutions for 6 min to
measure association of the complex and then to the
buffer without GFP for 18 min to acquire a dissocia-
tion time-course [Fig. 5(A)]. The measured Ky of

PROTEIN SCIENCE ‘ VOL 19:2389-2401 2393



GFP-nanobody
GFP-enhancer

GFP-nanobody
GFP-minimiser

Figure 4. Comparison of the GFP:GFP-nanobody complex
with GFP-enhancer and GFP-minimizer structures.* (A) In
the GFP:GFP-nanobody crystals four copies of the complex
are present in the asymmetric unit. An overlay is shown of
the four copies as Ca traces, with GFP in different shades
of green and GFP-nanobody in shades of red. There is no
significant difference between the four subunits. (B)
Comparison of the GFP:GFP-nanobody structure (this
study) colored as in Figure 1(A) with the GFP:GFP-enhancer
structure (PDB ID 3K1K?). Only GFP from this study is
shown for clarity, whereas the GFP-enhancer is shown in
blue. (C) Comparison of the GFP:GFP-nanobody structure
(this study) colored as in Figure 1(A) with the GFP:GFP-
minimizer structure (PDB ID 3G9A%. Only GFP from this
study is shown for clarity, while the GFP-minimizer is
shown in purple.
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1.4 nM is very similar to those reported previously
(0.23-0.59 nM) (Table II). The small difference is
mainly related to a slower apparent association rate
and could be due to a number of reasons, for exam-
ple, interference caused by the biotin-labeling or dif-
ferences caused by the experimental setups using ei-
ther microfluidics or tips inserted into a stationary
solution followed by mixing.

Thermodynamics of GFP interaction with
GFP-nanobody

To examine the thermodynamics of GFP:GFP-nano-
body complex formation, we have used ITC [Fig.
5(B)]. Because of the high affinity of association (K3
~1 nM), it is difficult to use ITC to measure the
equilibrium binding constant with precision, how-
ever the enthalpy AH and stoichiometry of binding
are very well determined. Measurements performed
at different temperatures can also be used to deter-
mine the heat capacity of binding AC, (3AH/3T) to
better understand the thermodynamic basis of the
high affinity and specificity of complex formation.
Thus, thermodynamic binding parameters that pro-
vide important information about the nature of the
binding process can still be determined by ITC even
when accurate affinity determination is not possible.
Binding of GFP to the GFP-nanobody yields an exo-
thermic binding isotherm in the temperature ranges
examined here, and a stoichiometry of association of
1 as expected from the gel filtration and crystallo-
graphic analyses. The enthalpic contribution to bind-
ing showed a linear dependency on temperature
[Fig. 5(C); Table II], ranging from —6.5 kcal mol ' at
10°C to —13.2 keal mol ™! at 37°C. The heat capacity
change of the binding process was calculated from
the slope of the graph of AH versus temperature and
has a value of —239 cal mol™! K1 A negative AC,
is indicative of a significant degree of hydrophobic
association and is typical of most protein—protein
interactions.

AC,, is a thermodynamic parameter that is being
increasingly used in structure-thermodynamics stud-
ies to probe the nature and extent of biomolecular
binding interfaces.'®'® Paramaterization of binding
interfaces has lead to several empirical formulations
for calculating the expected binding AC), based on
the proportion of buried hydrophobic and polar
surfaces.’® In relation to such studies it is critical
that improved datasets of high-resolution structures
of protein complexes with accurately determined
thermodynamic binding parameters are constructed
to develop and improve on the current predictive
models.2’ The program NACCESS was used to calcu-
late the solvent accessible surface areas (SASA) of
GFP, GFP-nanobody, and the GFP:GFP-nanobody
complex to obtain changes in SASA (ASASA) that
occur upon complex formation (Table III). A surface
representation of the complex is shown in Figure

Structure of the GFP-GFP-Nanobody Complex
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Figure 5. Interaction analysis of the GFP:GFP-nanobody complex. (A) Binding of GFP to biotinylated GFP-nanobody
measured using an Octet RED interferometer. Depicted sensorgrams represent complex formation (first 300 s) at 500, 250,
125, 62.5, 31.25, and 0 nM of GFP and subsequent dissociation of the complex in binding buffer without GFP (300-1200 s).
(B) ITC binding thermogram of GFP binding to GFP-nanobody. GFP-nanobody (47 pM) was titrated into GFP (5.2 pM) at
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the binding interfaces of GFP and GFP-nanobody. GFP is colored with red to highlight contact with GFP-nanobody, whereas
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5(D), with the surfaces of each molecule that are
buried upon complex formation indicated. This anal-
ysis revealed a total surface area of 1374 A? is desol-
vated upon complex formation, composed of ~50%
apolar (696 A?) and 50% polar surface area (677 A?).
A significant hydrophobic interface is typical of most
protein—protein interactions and is consistent with a
negative measured AC, of —239 cal mol™* K~L. The
relatively large extent of the polar surface propor-
tional to the overall binding interface however is
unusual but is well correlated with the relatively
low magnitude of the measured AC, value. The
high proportion of polar and electrostatic buried sur-
face area is highly unusual for a protein—protein
binding interface, where polar contacts typically con-
stitute on the order of one-third of the binding sur-

Kubala, et al.

2l Using previous empirically derived

formulations for determining AC, from the extent
of buried hydrophobic and polar surfaces, we cal-
culate a predicted AC, in the range of —127 to
—213 cal mol™! K1, which is lower in magnitude

face area.

than the measured value from ITC.

One possible explanation for this discrepancy is
burial of ordered waters, which are expected to con-
tribute on the order of —18 cal mol ™! K~ per buried
water molecule.?? In our model, six water molecules
are present at the complex interface, which is close
to the average for an interface of ~690 AZ (Ref. 23)
but may be an underestimate taking into considera-
tion the moderate resolution of our structure (2.8 A).
These could certainly influence the measured AC,. A
second possibility is that regions of the bound

PROTEIN SCIENCE ‘ VOL 19:2369-2401 2395



Table II. Thermodynamic and Kinetic Binding Data
for the GFP-GFP-Nanobody Complex

ITC?
Temperature (K) N AH (kcal ACy, (cal
mol 1) mol ! K1)
283 0.98 + 0.11 —-6.6 = 1.0 —239
291 0.96 + 0.04 -94 + 0.6
298 0.96 * 0.03 -10.6 = 0.3
310 0.96 = 0.05 -13.2 = 1.2
Interferometry using Octet Biosensor
kon (M_l S_l) koff (S_l) Kd (koff/kon) (IIM)
8.84 x 10* 1.24 x 10°* 1.40
Surface plasmon resonance
kon (M_l S_l) koﬁ" (S_l) Kd (koff/kon) (IIM)
No data No data 0.32°
7.68 x 10° 1.74 x 107* 0.23°
Quartz crystal microbalance®
kon (M71 Sil) koff (Sil) Kd (koff’/ kon) (nM)
2.45 x 10° 1.45 x 107 0.59 = 0.11

2 All ITC measurements are quoted as the average of three
independent experiments + standard deviation.

" Ref. 30.

¢ Ref. 6.

4 Ref. 4.

molecules undergo localized rigidification upon com-
plex formation,?*2® which is an attractive possibility
given the nature of the flexible CDR binding regions
of the GFP-nanobody.

Engineering of the CFP protein for binding to
the GFP-nanobody

Previous experiments have determined that the
GFP-nanobody can also bind to YFP but not CFP,
RFP, or mCherry fluorescent proteins, a specificity
that is important in many different applications.?”
The sequence of RFP, mCherry, and other mFruit
proteins are substantially different to that of GFP,
CFP, and YFP, and it is clear that the GFP-nano-
body is unable to associate with these molecules
because residues critical for association are poorly
conserved [Fig. 1(C)l. YFP and GFP are conserved
in all residues involved in the GFP-nanobody inter-
face explaining the dual specificity of the GFP-nano-
body. Of all specificity-determining side-chains in
the GFP structure, the only substitution in CFP is
the alteration of Asn146 to Ile [Fig. 1(C)]. In Figure
2(B), a close-up of this side-chain is shown in its
local environment. The GFP Asn146 Od atom partic-
ipates in a hydrogen bond with the GFP-nanobody
Asn99 No atom. Critically GFP Asnl46 is closely
packed within a buried hydrophilic environment,
involving the salt bridge between GFP Argl68 and
GFP-nanobody Glul03, as well as GFP Asn170 and
GFP Asnl44 side-chains. In addition, GFP Asn146 is
stabilized by a hydrogen bond of its N6 with the car-
bonyl oxygen of GFP Argl68. This explains why sub-
stitution of Asnl146 to hydrophobic Ile disrupts for-
mation of the hydrophilic patch and, therefore,
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causes loss of the specificity of GFP-nanobody to
bind CFP. We predict therefore that mutation of
CFP Ilel46 to Asn will allow binding of the GFP-
nanobody. To test this we used a novel in vitro trans-
lation system based on lysate derived from the eu-
karyotic protozoan Leishmania tarantolae.?® Ini-
tially, we tested whether the mutation of either GFP
or CFP at position 146 altered their spectral proper-
ties. The normalized emission spectra of in vitro
translated GFP, GFP(N146I), CFP, and CFP(I1146N)
are shown in Figure 6(A), whereas the overall fluo-
rescence intensity of each protein is shown in Figure
6(B). We find that mutation of the GFP protein at
position 146 has limited impact on the spectral prop-
erties of GFP but does decrease the overall fluores-
cence intensity. This mutant showed as expected a
dramatic reduction in binding to immobilized GFP-
nanobody in pulldown experiments [Fig. 6(C,D)].
Conversely, we found that mutation of CFP(I146N)
reversed its inability to associate with the GFP-
nanobody, confirming this side chain as being critical
for the specificity of association [Fig. 6(C,D)].
Although CFP(I146N) displayed a slightly altered
emission spectrum, with ablation of the typical dou-
ble maxima observed in the wild-type CFP protein,2”
and also a partially reduced fluorescence intensity,
which is expected considering this mutation was
originally isolated based on its improved emission
intensity,?” its spectral properties indicate it should
still be a suitable construct for CFP fluorescence
experiments.

Discussion

Given the emerging importance of the GFP-nano-
body as a research tool, we have solved the struc-
ture of the GFP:GFP-nanobody complex and char-
acterized the thermodynamics of complex
formation, to better understand the basis of the
high affinity and specificity of this interaction.
Hydrophobic interactions at the binding interface of
two proteins generally contribute strongly to stabi-
lization and thus the affinity of complex formation,
whereas polar interactions also help to stabilize
association while directing recognition specific-
ity.2%2° Hydrophobic interactions are significantly
responsible for the high affinity of the GFP:GFP-
nanobody complex, in particular involving the bur-
ial of the GFP-nanobody Trp47 side-chain. But the
burial of hydrophilic side chains and salt bridges
responsible for the spatial alignment of the two
molecules almost certainly explains the high degree
of binding specificity. The examination of the sur-
face of the GFP:GFP-nanobody complex revealed
that 50.7% of the binding surface is composed of
hydrophobic interactions and 49.3% made up of po-
lar interactions. The negative but low magnitude
AC,, calculated from the AH vs. temperature data
obtained from ITC experiments is well correlated
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Table III. Area Coefficients and Heat Capacity Calculations for the Interaction of GFP with GFP-Nanobody®

Calculated heat
capacity change

Source references Data set Acqp (cal/mol/K/A?) Acy (Cal/moV/K/A?) (cal/mol/K)
Spolar et al. 12 proteins 0.32 -0.14 —127
Murphy and Friere Cyclic dipetides 0.45 —0.26 —136
Myers et al. 26 proteins 0.28 -0.09 —133
Makhatadze and Privalov 20 proteins 0.51 -0.21 —213
Robertson and Murphy 49 proteins 0.15 0.12 —194
Experimentally —238

determined this study

2 Using NACCESS (http://www.bioinf.manchester.ac.uk/naccess/) we calculated the ASASA upon GFP-nanobody binding to
GFP overall and for apolar and polar atoms as —1374 1&2, —696 AZ, and —677 Az, respectively. These values were used to
calculate expected AC, = Ac,p. ASASA,, + Ac,. ASASA, where Ac,, and Ac, represent empirically determined area coeffi-
cients as provided in Ref. 19.

with the unusually high proportion of polar and  binding data and high-resolution structural infor-
electrostatic contacts between the two proteins. Of mation are required to improve the accuracy of

interest to the empirical paramaterization of bind-  such predictions.
ing surfaces to calculate thermodynamic binding Taking into consideration, the possible applica-
quantities,'® we find that previous empirical formu-  tions of the GFP-nanobody in the context of protein

lations significantly underestimate the binding expression and purification strategies of fluores-
AC,,. This discrepancy may be explained by burial cently tagged proteins we were particularly inter-
of ordered water, conformational rigidification of ested if other fluorescent proteins that do not bind
GFP-nanobody loops or a combination of both and, the GFP-nanobody could be rationally engineered to
additionally, suggests that larger and improved create additional nanobody-binding molecules. Such
datasets of carefully correlated thermodynamic  proteins would provide additional tools for the

A o C GFP-nanobody pulldown Total protein
N ) D N
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Wavelength, nm
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Figure 6. Engineering of CFP for GFP-nanobody binding. (A) Normalized fluorescence emission spectra for GFP, CFP, and
mutant proteins after excitation at 430 nm. (B) Fluorescence intensity of GFP, CFP, and mutants measured using 430Ex/
485Em and 485Ex/528Em filter sets, respectively. (C) Affinity precipitation of in vitro translated GFP, CFP, and their mutants
were performed using sepharose-coupled GFP-nanobody, and the eluates were analyzed by SDS-PAGE followed by anti-
GFP/CFP Western blotting (D) Quantification of gels shown in Figure 6(C) by IR densitometry (Odyssey Imaging System).
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isolation and characterization of fluorescent fusion
proteins. The structures of fluorescent proteins
including GFP, YFP, CFP, mRFP, mOrange, and
mCherry are characterized by highly similar back-
bone folds, but sequence comparison shows less than
22% identity for the mFruit derivatives compared
with GFP-related proteins. The GFP-nanobody does
not bind the mFruit derivatives, due to the signifi-
cant sequence divergence of these molecules, nor
does it bind CFP>7 (Fig. 5), which differs from GFP
and YFP at only one amino acid position out of all
those that take part in formation of the binding
interface. The question arises as to whether it will
be possible to create novel binding variants of either
the GFP-nanobody or other fluorescent proteins using
structure-based engineering strategies. Rational mu-
tagenesis of the GFP-nanobody surface to create dif-
ferent specificities or to alter its affinity is certainly
possible, but it is not entirely clear what mutations
should be pursued to alter its binding properties, and
most importantly whether this would be preferable to
the alternative approach of generating novel nano-
bodies by established immunization and panning pro-
cedures. Mutation of mCherry and related proteins to
interact with GFP-nanobody instead of going through
the selection process to obtain anti-mCherry nanobod-
ies would certainly be desirable for the generation of
novel tools for protein localization and isolation. How-
ever, out of 12 GFP residues interacting with the
nanobody, seven are different in mCherry. Thus, con-
verting mCherry (or other mFruit proteins) into a
form compatible with the GFP-nanobody variant will
be complicated and may not be possible without sig-
nificantly altering its properties.

However, we find that in the case of the non-
binding fluorescent protein CFP, a single substitu-
tion of Ile146 for Asn is sufficient for promoting a
GFP-nanobody:CFP interaction. Despite some alter-
ations of the spectral properties of this mutant our
analysis indicates it should still be suitable for most
fluorescent applications that would normally utilize
the canonical CFP molecule. In summary, we have
defined the structural details leading to the specific-
ity of the GFP-nanobody for GFP and YFP, and this
has led to the creation of a modified CFP as an addi-
tional new tool that may also be used in conjunction
with the GFP-nanobody for the targeted isolation
and characterization of genetically encoded fluores-
cent molecules.

Materials and Methods

Protein expression and purification

The amino acid sequence of GFP-nanobody (VgH
domain cAbGFP4%%) was reverse translated into
genetic code optimized for E. coli-specific codon
usage and cloned into pOPINE vector using Ncol/
Pmel nucleases, giving the nanobody sequence with
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a C-terminal his-tag (Epochbiolab, USA). The GFP
sequence (Clontech) was inserted into pOPINE back-
bone by using infusion cloning, which resulted in
addition of MA(H)gSSGGS peptide to the N-terminus
of GFP. Protein expression was conducted in E. coli
strain BL21-GOLD (Stratagene) in LB medium. The
cell culture was propagated to ODgoo 0.5 at 37°C,
and then, protein synthesis was induced by 0.5 mM
of IPTG. Further fermentation was carried out at
20°C for 20 h. Resultant cell mass was harvested by
centrifugation, disrupted using a fluidizer (Constant
Systems, UK), and subjected to centrifugation to
remove cell debris. The cleared cell lysate was sub-
jected to IMAC chromatography (HisTrap FF col-
umn) followed by size-exclusion fractionation (Super-
dex 75) using an Akta Purifier FPLC system (GE
Healthcare). The purified proteins were more than
95% pure according to electrophoretical analysis.

To isolate the complex, purified GFP was mixed
with twofold molar excess of GFP-nanobody, incu-
bated for 15 min at ambient temperature and loaded
onto a gel-filtration column (Superdex 75 16/60) pre-
equilibrated with 20 mM HEPES-KOH (pH 7.5), 150
mM NaCl. The complex was eluted as a symmetrical
peak corresponding to the molecular weight of a 1:1
heterodimer and was well separated from the peak
of the unbound GFP-Nanobody. The solution of puri-
fied complex was concentrated by ultrafiltration
(Amicon) to 24 mg/mL before crystallization.

Protein crystallization

For crystallization experiments, the purified complex
of GFP and GFP-nanobody proteins was concen-
trated by ultrafiltration to 24 mg/mL in 20 mM
Hepes pH 7.5, 0.15M NaCl. Protein solution was
flash-frozen in liquid nitrogen and stored at 193 K.
Particulates were removed by centrifugation (13,200
rpm for 20 min at 277 K) immediately before setting
up crystallization experiments. Crystals were grown
by the sitting-drop vapor diffusion method in Cry-
schem 24 well plates (Hampton Research). The res-
ervoir solution (400 uL) consisted of 2% (w/v) PEG
4000, 2% (w/v) isopropanol and 0.01M trisodium ci-
trate dihydrate pH 5.6. The crystallization solution
contained 1 pL of protein solution [24 mg/mL in 20
mM HEPES pH 7.5, 0.15M NaCl, and 1 mM dithio-
threitol (DTT)] and 1 uL of 2% (w/v) PEG 4000, 2%
(w/v) isopropanol and 0.01M trisodium citrate dihy-
drate pH 5.6. Crystals grew at 289 K in 1 week.

Crystallographic data collection and processing

Crystals were flash-cooled in a nitrogen gas stream
at 100 K after soaking at 293 K in cryoprotectant so-
lution containing the crystallization solutions sup-
plemented with 10% glycerol. Diffraction data were
collected to 2.8 A resolution at the UQ ROCX diffrac-
tion facility on a Rigaku FR-E Superbright generator
with Osmic Vari-Max HF optics and Rigaku Saturn
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944 CCD detector. For complete data collection, 80°
of rotation was measured with 0.5° oscillations using
the X-ray wavelength of Cu Ko (1.5419 A), an expo-
sure duration of 30 s and a crystal-to-detector dis-

tance of 70 mm at 100 K. Data were integrated and
scaled using d*Trek.3!

Structure determination

Molecular replacement with PHASER?? was used to
solve the structure of the GFP:GFP-nanobody com-
plex using as input models the GFP structure (PDB
ID 2QU1) and the LACO031 anti-VLAl-engineered
antibody fragment (PDB ID 3EOT). Refinement was
performed in PHENIX with noncrystallographic
symmetry restraints applied for each chain,®® and
model building done with COOT?* yielded the final
models. Ilustrations were made in CCP4mg.?® The
final model contains four copies of the GFP:GFP-
nanobody heterodimeric complex in the asymmetric
unit. The crystal parameters and data collection sta-
tistics are summarized in Table 1.

Surface interferometry-based analysis of
GFP:GFP-Nanobody

Streptavidin-coated sensors (ForteBio) were used to
analyze GFP-GFP-nanobody interaction with the
OctetRED interaction analyzer (ForteBio). To biotin-
ylate GFP-nanobody, the protein was rebuffered on a
NAP-5 desalting column (GE Healthcare) pre-equli-
brated with binding buffer and mixed with two
times molar excess of Sulfo-NHS-Biotin (Pierce). The
reaction mixture was incubated at 37°C for 30 min,
and the biotinylated protein was rebuffered on a
NAP-5 column pre-equlibrated with binding buffer.
The sensors were exposed to 50 pg/mL solution of bi-
otinylated nanobody and washed in PBS. GFP.GFP-
nanobody interactions were measured in binding
buffer with addition of 50 ug/mL of bovine serum al-
bumin. The exceptionally high stability of GFP-
nanobody allowed multiple regenerations of the sen-
sors by short (3 times for 5 s) exposure to acidic
buffer (0.1M Gly-HCI pH 2.2) without a noticeable
decrease in GFP binding capacity. Octet readout
data was analyzed using ForteBio Data Analysis
software (version 6.2.0.21).

Isothermal titration calorimetry

GFP and GFP-nanobody proteins were purified as
above and then dialyzed into 20 mM phosphate
buffer (pH 7.4) and 150 mM NaCl (binding buffer).
Experiments were performed using a Microcal
iTC200 instrument at different temperatures. Typi-
cally, experiments were performed by titrating 11 x
3.8 uL aliquots of 50 uM solution of GFP-nanobody
into 5 pM solution of GFP. Data was processed using
ORIGIN to derive the thermodynamic parameter AH
and the stoichiometry N. Concentrations of the pro-
teins were determined by absorbance measurement
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at 280 nm using theoretical extinction coefficients.
Because of the high affinity of binding (K4 < 1 nM),
it was not possible to accurately determine the equi-
librium dissociation constant K3 by ITC, however,
the binding heat capacity could be determined from
the relation AC}, = SAH/ST.

In vitro translation template assembly and
mutagenesis

DNA templates encoding different fluorescent pro-
tein variants were synthesized using overlap exten-
sion PCR (OE PCR) as previously described.?® First
genes coding for GFP and CFP were split into two
fragments with compatible ends by PCR with the
plasmid pTUB-NEO?® as a template. To introduce
N1461 mutation into GFP, primers 511/9221 and
9223/2511 were used to synthesize 5 and 3’ frag-
ments, respectively. Similarly, fragments for
CFP(I146N) assembly were obtained using primer
pairs 511/9220 and 9222/2511. In addition, PCR frag-
ments for assembling of wild-type GFP and CFP
were obtained using primers 511/9220, 9222/2511
and 511/9221, 9223/2511, respectively. All PCR frag-
ments were gel purified and subjected to OE PCR
yielding full-length templates for in vitro transla-
tion. Resultant OE PCR products were precipitated
with ethanol and dissolved in distilled water. Primer
sequences: 511 CTACAACACGACCCTCTCCG, 2511
ACGCGTACACAACACACGGAC, 9220 GTGGCTGT
TGTAGTTGTAC, 9221 GTGGCTGATGTAGTTGTAC,
9222 GTACAACTACAACAGCCAC, and 9223 GTAC
AACTACATCAGCCAC.

Preparation of the supplemented Leishmania
tarentolae Extract

Leishmania cell culture propagation and cell lysate
preparation was  performed as  previously
described.?® The obtained rebuffered lysate was sup-
plemented to 40 % (v/v) of its volume with feeding
solution containing 8.5 mM ATP, 3.17 mM GTP, 1.25
mM spermidine, 10 mM DTT, 200 mM creatine
phosphate, 12.5 mM Mg(OAc),, 32 mM HepesKOH
pH 7.6, 5% (v/v) PEG 3000, 5.25x protease inhibitor
(Complete™ EDTA-free, Roche), 0.68 mM of each
amino acid, 2.5 mM of each UTP and CTP, 0.05 mM
antisplice leader DNA oligonucleotide, 0.5 mg/mL of
T7 RNA polymerase, and 200 U/mL of creatine phos-
phokinase. The supplemented lysate was aliquoted
into cryogenic tubes, snap-frozen in liquid nitrogen
and stored at —80°C.

Cell-free protein translation and pull-down
experiments

The in vitro translation was performed in 50 pL of
translation reaction. In a typical setup, 35 uL of
LTE supplemented lysate were mixed with water-
dissolved PCR template to final concentrations of
20 nM and adjusted to the final volume with mQ
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water. The reaction was then transferred into a
96-well plate and placed into a Synergy 4 plate reader
(BioTek), thermostated at 26°C. The accumulation of
CFP and GFP fluorescence was monitored using
430Ex/485Em and 485Ex/528Em filter sets, respec-
tively. The reactions were monitored for ~2 h after
which no increase of fluorescence was detectable.
For pull-down experiments, the reaction mixtures
were transferred into plastic tubes and mixed with
10 pL of GFP-nanobody-coated beads. Antibody-
coated beads were prepared by coupling GFP-nano-
body to NHS-Sepharose (GE Healthcare) according
After 20 min
incubation at room temperature with moderate
shaking, the beads were washed two times with 250
uL of buffered NaCl solution [25 mM Tris HCl (pH
7.6) and 500 mM NaCl] and retained proteins were
eluted with 20 uL of hot SDS-PAGE loading buffer
(Invitrogen). The translation reaction mixtures and
eluates were resolved on 4-12% SDS-PAGE gels
(NuPage, Invitrogen), transferred to nitrocellulose
membrane (Pall) and blotted with anti-GFP antibod-
ies (Cell Signalling Technologies) according to stand-
ard protocol for IR Odyssey Imaging System (Li-
Cor). The membranes were then scanned on Odyssey
Imaging System (Li-Cor) and the data was analyzed
using Odyssey Application Software V3.0 (Li-Cor).

to manufacturer recommendations.

Accession numbers

Coordinates and structure factors for the GFP:GFP-
nanobody complex have been deposited in the RCSB
Protein Data Bank with accession number 30GO.
Raw diffraction data is available on the Diffraction
Images Repository (DIMER) http:/xr-diffraction.imb.
uq.edu.au.
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