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Human copper transporter ATP7B (Wilson disease protein) is a multidomain membrane protein
with poorly understood mechanism and complex regulation of enzymatic activity and intracellular
localization. ATP7B is a challenging target both for structural biology and for in-cell studies. We have
developed and characterized a large panel of Nanobodies targeting various metal binding domains of
ATP7B, with wide range of affinity, different copper dependence profile, and diverse modulatory
effects on ATP7B activity and protein dynamics. These novel tools are urgently needed to solve the
9 high-resolution structure and to understand the mechanism of copper transport, regulation and
10 intracellular trafficking of ATP7B.
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Nanobodies Against the Metal Binding Domains of ATP7B as Tools to Study Copper
Transport in the Cell

Eva-Maria E. Uhlemann® Corey H. Yu¢, Jaala Patry%, Natalia Dolgova®, Svetlana Lutsenko?,
Serge Muyldermans¢, and Oleg Y. Dmitriev**

Abstract

Nanobodies are genetically engineered single domain antibodies derived from the unusual
heavy-chain only antibodies found in llamas and camels. Small size of the Nanobodies and flexible
selection schemes make them uniquely versatile tools for protein biochemistry and cell biology.
We have developed a panel of Nanobodies against the metal binding domains of the human copper
transporter ATP7B, a multidomain membrane protein with a complex regulation of enzymatic
activity and intracellular localization. To enable the use of the Nanobodies as tools to investigate
copper transport in the cell, we characterized their binding sites and affinity by isothermal titration
calorimetry and NMR. We have identified Nanobodies against each of the first four metal binding
domains of ATP7B, with a wide affinity range, as evidenced by dissociation constants from below
10 to 10 M. We found both the inhibitory and activating Nanobodies among those tested. The
diverse properties of the Nanobodies make the panel useful for the structural studies of ATP7B,
immunoaffinity purification of the protein, modulation of its activity in the cell, protein dynamics
studies, and as mimics of copper chaperone ATOX1, the natural interaction partner of ATP7B.
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Introduction

Nanobodies are single-domain immunoaffinity reagents derived from the unusual type of
antibodies that consist of heavy chains only and are produced in llamas and camels, along with the
conventional IgG antibodies . To make Nanobodies, the animal is immunized with the antigen of
interest. When the immune response develops, a cDNA library encoding the variable heavy chain
domains (VHH) is generated from the mRNA pool of the peripheral blood mononuclear cells.
Following selection for binding affinity and specificity, the chosen VHH clones are expressed in
E. coli and then purified by ion-metal affinity chromatography and gel filtration. A detailed
protocol for Nanobody production has been published 2.

Nanobodies have been used extensively in structural biology to assist crystallization of difficult
proteins 37, stabilize desired protein conformations 3-!'!, and study protein dynamics by NMR 12-
14, Due to their small size, amenability to chemical and genetic derivatization, as well as ease of
production of the recombinant protein in E. coli, Nanobodies are often more versatile tools of
molecular biology than the conventional antibodies, or their fragments. In cell biology,
Nanobodies have been used for protein tracking '3+, manipulation of intracellular localization of
proteins and protein complexes 71, and targeted protein degradation 2°-22, For manipulating
proteins in living cells, Nanobodies can be expressed inside the cell, or modified to make them
cell permeable 2324, Because of their advantageous properties, including better tissue penetrating
ability, compared to the conventional antibodies, Nanobodies attract growing interest for imaging
and immunotherapy in cancer and other conditions 2°-2%, including neurodegenerative disorders 2’
and, very recently, coronavirus infections 28. The first Nanobody drug, Caplacizumab, has been
recently approved for treatment of acquired thrombotic thrombocytopenic purpura 2°.

We have developed a panel of Nanobodies to investigate the mechanism of regulation of the
human copper transporter ATP7B, a multidomain membrane protein with complex domain
dynamics and copper-dependent intracellular trafficking. ATP7B is located in the trans-Golgi
network (TGN), where it transports copper to the maturing metalloproteins. When copper level in
the cell increases, ATP7B moves to the cytosolic vesicles, where it accumulates excess copper
in the vesicular lumen for subsequent excretion from the cell by exocytosis, and to the plasma
membrane, where it may directly transport copper out of the cell 3°. The loss of ATP7B activity
due to mutations causes Wilson disease, a chronic disorder of copper metabolism, which damages
the liver and causes a variety of neurological and psychiatric symptoms 3!-32,

ATP7B is a multidomain protein with an overall architecture characteristic of the P-type
ATPases, such as Ca?*-ATPase (SERCA)?? or Na*,K*-ATPase**. A unique feature of ATP7B and
closely related copper transporter ATP7A is a chain of six metal-binding domains (MBD),
connected by flexible linkers of various length (Fig. 1, A).
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Fig.1 Domain structure of ATP7B and overview of the Nanobodies against ATP7B metal-
binding domains (A) ATP7B is composed of six metal binding domains (MBD, orange), eight
transmembrane helices (red), actuator domain (A-domain, yellow), and ATP-binding domain,
consisting of N- and P- subdomains (cyan). Arrows indicate domain-domain interactions, and the
green bars show the number of Nanobodies targeting each domain. (B, C) Western blots of purified
MBD1-6 (B, lane 1), MBD1-4 (B, lane 2), and HEK293 expressing recombinant wild type ATP7B
(C, lane 1), D1027A-ATP7B (C, lane 2) or endogenous ATP7B only (C, lane 3) with 2R21
Nanobody against MBD4. (D) Overlay of an uncrowded region of the 900 MHz TROSY spectra
of MBD1-6 with (red) and without (black) the 2R2 Nanobody. Sequential amino acid residue
assignments of the signals affected by the Nanobody binding are shown. The 2R2 Nanobody binds
in the intermediate exchange regime manifested both by peak shifts and intensity loss. (E) Mapping
Nanobody binding site by NMR. Number of amino acid residue signals in the MBD1-6 NMR
spectra affected by the addition of the selected Nanobodies in each of the MBDs.

Each domain has a ferredoxin fold and binds one Cu(I) atom at the conserved CxxC motif. In
the cell, MBDs receive copper from a cytosolic chaperone protein ATOX1, which is structurally
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rather similar to the MBDs?>. There is no high-resolution structure of the complete ATP7B, and
the sequence of copper transfer steps within the protein is not known. Copper binding to one or
several MBDs appears not only to be the first step in copper translocation across the membrane,
but also regulate enzymatic activity and trafficking of ATP7B through the changes in the dynamics
and interactions of these domains.

NMR studies of the MBD1-6 chain 3¢-37 show that the individual domains do not fold together
into a compact structure, but experience largely independent motions, with the exception of MBDs
5-6, which form a stable unit 38, At the same time, biochemical evidence indicates Cu-dependent
interactions and cross-talk between individual MBDs 39742, Using Nanobodies as probes of
molecular dynamics we have shown by NMR that MBD1-3 associate in a dynamically correlated
domain group maintained by weak interactions, whereas MBD4 shows largely independent
dynamics 443, Copper transfer from ATOX1 disrupts MBD1-3 interactions increasing domain
mobility and activating ATP-dependent copper transport 4. Remarkably, the 2R50 Nanobody
targeting MBD3 has a similar effect on domain dynamics, also causing dissociation of the MBD1-3
domain group, which suggests using the Nanobodies as mimics of ATOX1 in dissecting complex
relationship between the regulatory and the catalytic copper transfer between ATOX1 and ATP7B,
and between the multiple copper-binding sites in ATP7B. Nanobodies 2R21 and 4A19 have been
used previously to modulate intracellular localization of ATP7B 4.

To realize the full potential of Nanobodies for studying the mechanism of copper transport in the
cell, we have characterized the binding properties of a diverse panel of Nanobodies against metal-
binding domains of ATP7B, in comparison to the copper chaperone ATOXI.

Experimental

Generation of Nanobodies against the metal —binding domains

Alpaca was immunized with the purified N-terminal fragment of ATP7B containing all six
metal-binding domains (MBD1-6) fused to maltose-binding protein (MBP), in either metal-free or
copper-bound form and the Nanobodies were generated as described previously 4. Among the
Nanobodies characterized in detail here (Table 1), 2R50, 2R21, and 1R1 were raised against Cu-
MBD1-6, and 4A19 against apo-MBD1-6. Briefly, two variable heavy chain (VHH) libraries
containing about 4 x 10% (Cu-MBD1-6) and 8 x 108 (apo-MBD1-6) independent transformants
were constructed and screened for the presence of antigen-specific Nanobodies using phage
display. Each library was subjected to two consecutive rounds of panning, performed on a solid-
phase plate coated with MBDI1-6-MBP fusion, in the metal-free or copper-loaded form, as
appropriate, using soluble MBP for negative selection. The clones producing MBD1-6 specific
Nanobodies were then selected by ELISA. Nanobodies against MBD1 and MBD2 were
subsequently selected from the combined original libraries in a similar fashion, using respective
MBDs in the copper-free form (apo-form) as target antigens, and apo-MBD4 for negative
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selection. Selected Nanobodies were expressed in E. coli as fusions with the N-terminal pelB
sequence for periplasm targeting, and C-terminal hexahistidine tag for purification by immobilized
metal affinity chromatography. Nanobodies were purified by the affinity chromatography on Ni-
NTA resin.

Purification of metal-binding domain constructs and ATOXI

Individual MBDs 1, 2 and 4, MBD1-4 fragment (ATP7B residues 1-430), MBD1-6 fragment
(residues 1-633), and ATOX1 were expressed in E. coli as fusions with the chitin-binding domain
and intein, and purified by affinity chromatography on chitin resin combined with intein cleavage
by dithiotreitol essentially as described previously '.

Isothermal titration calorimetry

For ITC experiments, the Nanobodies, MBD1-4 and ATOX1 were dialyzed against degassed
50 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM TCEP under argon. Where appropriate, MBD1-4
or ATOX1 were loaded with copper by adding freshly prepared 9 mM CucCl solution in 1 M NaCl

containing 0.01 M HCI, in the equimolar ratio of copper to the copper-binding sites prior to dialysis.

ITC was performed on a TA Instruments (New Castle, DE) Low Volume Nano calorimeter using
ITCRun software and analyzed with NanoAnalyze software (TA Instruments) using a single
binding site independent model setting. A 0.13-0.6 mM solution of a Nanobody was titrated into
0.17 ml of 0.01-0.05 mM target protein, 1.5-2.5 pl per injection at 300 s intervals at 30°C under
constant stirring at 300 r.p.m. Dilution heat correction was applied by titrating the Nanobody into

the ITC buffer containing no protein. Most of the titrations were performed in duplicate or triplicate.

ATPase activity measurements

The wild type and catalytically inactive D1027A variant of ATP7B were expressed in HEK293
cells, and the cell membrane fraction was prepared as described previously 4. ATPase activity of
the membranes was determined from the linear time course of inorganic phosphate liberation in a
buffer containing 50 mM MES, pH 6.0, 10% glycerol, 150 mM NaCl, 3 mM MgCl,, 0.5 mM ATP
and 5 pg membrane protein in a volume of 40 ul at 37°C. Phosphate concentration was measured
by malachite green assay *'4® in a microplate format. ATP7B activity was calculated as a
difference between the total ATPase activity of the wild type ATP7B and D1027A-ATP7B
membranes. Thus ATPase activity unrelated to ATP7B, as well as activity of the endogenous
ATP7B present in HEK293 membranes at low level was subtracted from the total ATPase activity.
Copper stimulation of ATP7B activity was measured in the presence of 10 uM ATOX1-Cu.

Small angle X-ray scattering

Purified MBD1-4 was dialyzed against 50 mM HEPES, pH 7.4, 150 mM NaCl, and 0.6 mM
TCEP. SAXS data collection, buffer subtraction and data averaging was performed at SIBYLS
beamline, Lawrence Berkley Laboratory 47, using in-line size exclusion chromatography (SEC) on
Agilent 1260 HPLC system with a Shodex Protein KW-802.5 column eluted with dialysis buffer

Page 6 of 20
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at a flow rate of 0.5 ml/min. DAMMIF *® was used to create 10 ab initio dummy atom models,
which were then averaged with DAMAVER 4. HADDOCK *° was used for modeling the MBD1-
MBD3 interaction by incorporating 'H, SN HSQC chemical shift perturbation data (6). The top-
scoring model of MBD1-MBD3 and high resolution solution structures of MBD2 and MBD4 were
fitted into the apo-MBD1-4 SAXS envelope using BUNCH >

NMR spectroscopy

NMR samples contained 100-120 uM '>N-labelled MBD1-6, 50 mM HEPES-Na, pH 7.4, 50
mM NaCl, 5 mM TCEP, 5% (v/v) D,O and 0.5 mM 2,2-dimethyl-2-sila-pentane-5-sulfonate
(DSS) for the chemical shift referencing. The 'H,’>’N-TROSY 32 experiments were recorded at
310K on a 900 MHz NMR spectrometer equipped with a triple-resonance cold probe with z-axis
gradients. The previously published backbone chemical shift assignments 3¢ were used for
mapping the Nanobody binding sites. Combined chemical shift change was calculated as [(A8*yy+
A8*\/25)/2]12, where Adyy and Ady are the chemical shifts changes of the amide proton and
nitrogen respectively. Nanobodies were added to the protein at 1:1 molar ratio.

Western blot analysis

Proteins were resolved by SDS-PAGE on 10% Schagger —von Jagow 33 or Laemmli 3* gels and
transferred to the nitrocellulose membrane using semi-dry method. The blots were blocked with
QIAGEN blocking reagent in TBS, and washed with TBS. The blots were then incubated with an
appropriate Nanobody at 0.6 pg/ml or 6 pg/ml, as indicated, in TBS containing QIAGEN blocking
agent, as primary antibody. Following three washes in TBS, the blots were incubated for 4 hours
at room temperature with anti-hexahistidine horseradish peroxidase conjugated antibodies
(“Qiagen”) at 1:2,500 dilution in TBS. Following washes with TBS, the antibody binding was
visualized by enhanced chemiluminescence (ECL) detection using Syngene imager.

Results and Discussion

We created a library of the antibody variable heavy chain domain (VHH) ¢cDNA, which contains
a total of 1.2 x 10° independent clones, following immunization of alpaca with a fragment
containing all six metal-binding domains (MBD1-6) as an antigen. After the first round of
selection, we chose sixteen Nanobodies for further characterization. The Nanobodies reacted with
purified MBD1-4 and MBD1-6 on a Western blot (Fig. 1, B, and Fig. S1), and some also detected
full-length ATP7B in the membrane preparations from HEK293 cells (Fig. 1, C, Fig. S1).

The binding sites for these Nanobodies were mapped by NMR chemical shift perturbation
analysis with ’N-labeled MBD1-6 4, (Fig 1D, E, Supplementary Data). The domain that contains
the primary Nanobody binding site would show multiple changes in the chemical shifts or intensity
of the backbone amide signals, depending on the NMR exchange regime, a property of the protein



oNOYTULT D WN =

Metallomics

complex related to the binding affinity of the Nanobody. In some cases, the pattern of the chemical
shift changes allows even more precise epitope mapping and modeling the MBD-Nanobody
complex, as shown for the 2R50 Nanobody binding to MBD3 (Fig. 2 A). Some of the Nanobodies,
e.g. 2R21, 2R50, 2R1, clearly bind to a single domain, while others, e.g. 2R28 and 2R 1 appear to
show some cross-reactivity with two or three domains.

Fig. 2 Interaction of the metal binding domains with Nanobodies (A) The 2R50 Nanobody
bound to MBD3. The model was calculated by HADDOCK using chemical shift perturbation
data!4. MBD3 is green and the Nanobody is orange. Amino acid residues in MBD3 showing the
largest chemical shift changes upon 2R50 binding (Ad > 0.4 p.p.m.) are in red. The copper-binding
cysteines are in magenta. (B) Space envelope of apo-MBD1-4 determined by SAXS with the
individual domain positions shown.

In the initial panel, we expected to find Nanobodies against all or most of the six metal-binding
domains of ATP7B. However, out of sixteen Nanobodies, thirteen were found to bind to MBD4
and three to MBD3 (Fig. 1, A). There were no binders to either MBD1-2 or MBD5-6. This
disproportionate representation of Nanobodies against MBD4 is likely explained by the greater
surface exposure of this domain, compared to the others. MBD1-6 appears to consist of two
separate domain groups, MBD1-3 '* and MBD5-6 3%, with MBD4 showing no association with
other domains and largely independent dynamics. While Nanobodies against MBD3 and MBD4
proved to be very useful tools for investigating MBD1-6 conformation and dynamics !4, we were
also interested in the Nanobodies against MBD1 and MBD2, because copper-dependent changes
in dynamics and conformation of MBD1-3 domain group appear to be the first step in regulating
activity and, possibly, the intracellular localization of ATP7B. To select Nanobodies against

Page 8 of 20
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MBD1 and MBD2, we rescreened the original VHH library, this time using purified individual
MBD1 and MBD2 as immobilized antigens for positive selection, and soluble MBD4 for negative
selection, to eliminate variants with cross-reactivity between these domains. This selection round
produced four Nanobodies with distinct amino acid sequences, two binding to MBD1 (3ATP7 and
3ATP145) and two to MBD2 (3MBD10 and 3MBD24), as determined by ELISA (Fig. S2)
Because Nanobodies against MBD4 were strongly overrepresented in our initial panel, and many
of them appeared to have rather similar binding properties, as indicated by NMR spectroscopy, we
limited the number of Nanobodies chosen for further analysis. The Nanobodies for detailed
characterization were selected to target each of the first four domains, represent a wide range of
affinities, based on the NMR data, and include both those raised against apo- and Cu-bound forms
of MBD1-6.

>
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. . \7 ol
"L AU M w uk | A } A\ U Bt | A —

e 0

4 —~——| / f /
e 24
104 : ! 5 I."{

-10+

1R1 (MBD4)

Heat rate, pJis

Ky=4.3"10°M | s " Kg=5.0"10"M| st // Ky=3.6"10°M

4 0.5 10 15 20 u:s 1.0 15 20

Enthalpy, KJ/mol

0 1 2 3

Mole ratio Mole ratio Mole ratio
0 0 r 0r
-10 ! -10 ¢ - 10 | .
2 20 | 20 } 20
< -30 T -30 | : -30 |
-40 | -40 | : -40 | .
-50 L -50 ¢ -50
EAH ®TAS ®EAG

Fig. 3 Thermodynamic parameters of Nanobody binding to MBD1-4. (A) Thermograms and
dissociation constants of Nanobodies representing various binding affinity ranges. (B) Enthalpic
and entropic contributions to the free energy change Nanobody binding.

Initial NMR analysis suggested that Nanobodies in our panel may have rather different binding
affinities. This is notable, because different applications require different Nanobody affinity.
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Protein dynamics studies by NMR may favor lower binding affinity. On the other hand, using
Nanobodies for immunoaffinity purification (Fig. S3), or as crystallization chaperones, requires
tight binding, while in-cell applications may benefit from either tight or moderate binding,
depending on the purpose of the experiment. With this in mind, we set out to determine binding
affinity of the selected Nanobodies by isothermal titration calorimetry (ITC, Fig. 3).

We investigated Nanobody binding to the MBD1-4 fragment of ATP7B (residues 1-430, Fig. 2
B). Because MBDs interact with each other, and because the interdomain loop regions may
contribute to the epitope formation, this is a more physiologically relevant model, than the isolated
individual domains. We selected from one to three Nanobodies for each target domain, from
MBD1 to MBD4, and measured binding to the copper-free MBD1-4 fragment. Binding affinity,
as measured by the dissociation constant (K,) ranged from approximately 4x10% M to 5x10¢ M
(Table 1).

Table 1

Dissociation constants of Nanobodies against metal binding domains of ATP7B

Nanobody Target K,; (M) for Nanobody binding to MBD1-4 variants
domain
Apo-MBD1-4 Cu-MBD1-4 SxxS-MBD1-4
3ATP7 43+1.9 x10° 2.6 +0.6 x107 No binding
MBD1
3ATP145 1.9+1.8 x10° 3.2 x108 2.1 x10°
3MBD10 3.9+1.1 x107 3.4 +3.1x107 49+6.3x10°
MBD2
3MBD24 49+4.1x10° 1.8 £1.0 x10”7 1.1£0.6 x 107
2R50 MBD3 5.0 £ 1.7 x107 1.4+1.3 x107 1.4+£0.1 x 107
1R1 3.6 2.1 x10 n.d.! n.d.
4A19 MBD4 1.3+£0.2 x107 n.d. 1.3+0.1 x10°
2R21? 3.7+1.6 x108 <1.0 x10° 49+2.1x108

In.d. —not determined
2 K, values less than 10 M cannot be accurately measured by ITC directly.

Generally, Nanobodies targeting MBD3 or MBD4 had higher binding affinity than Nanobodies
against MBD1 and MBD2. This appears to be reflected in the Nanobody reactivity on the Western
blots. While all the tested Nanobodies reacted with the purified MBD1-4 and MBD1-6 (5 pg per

9
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band), only the Nanobodies against MBD3 and MBD4 were sensitive enough to detect the full-
length ATP7B in the membrane preparations, where ATP7B was not detectable by Coomassie
staining (less than 0.1 pg per band, Figs. S1, S3). Interestingly, binding mechanism appeared to
be different for these two Nanobody groups as well. While free energy change (4G) for Nanobody
binding to MBD3 and, in particular, to MBD4 had strong enthalpic contribution, Nanobody
binding to MBD1 and MBD2 was mostly entropy driven (Fig. 3, Fig. S4). This is significant,
because, based on the NMR relaxation behavior of MBD1-6, we have previously proposed that
MBDI1-3 form a dynamically associated group maintained by relatively weak domain-domain
interactions. Nanobody binding to MBD1 or MBD2 may disrupt these interactions, increasing the
domain freedom of motion, and, consequently, entropy of the system.

A MBD1-4 apo-ATOX1 MBD1-4 Cu-ATOX1 SxxS MBD1-4 apo-ATOX1 SxxS MBD1-4 Cu-ATOX1
P ;JJJJ_,MMLMLLL | LMMNWM =:
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= * / o P " \ a0+ .,// )
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Fig. 4 Thermodynamic parameters of Atoxl binding to MBD1-4. (A) Thermograms and
dissociation constants of Atox1 binding to MBD1-4. (B) Enthalpic and entropic contributions to
the free energy change of Atox1 binding.

Several Nanobodies, including 2R21 (MBD4), 3MBD24 (MBD2) and 3ATP7 (MBD1) showed
significantly stronger binding to the copper-loaded, than to the metal-free MBD1-4 (Table. 1). The
2R21 Nanobody was among those raised against copper-loaded MBD1-6 4, and therefore stronger
binding to Cu-MBD1-4, than to the metal-free protein may be expected, if the copper-binding site
contributes to the epitope. Stronger binding to Cu-MBD1-4 for Nanobodies against MBD1 and

10
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MBD? is also consistent with better access to the binding sites in the open conformation of MBD1-
3, where these MBDs have greater mobility.

Nanobodies against MBD2 could be uniquely useful as mimics of the copper chaperone
ATOXI1, the natural interaction partner of the metal-binding domains in ATP7B. ATOX1 was
previously shown to preferentially transfer copper to MBD2 #!, and we have shown by NMR that
apo-ATOXI1 preferentially interacts with MBD2 in the context of MBD1-6 domain chain 4. In
fact, binding affinity of ATOX1 to MBD1-4 (K;= 8.1 x 107 M) was rather similar to the affinity
of Nanobody 3MBD10, which targets MBD2 (K; = 3.9 x 107 M). Similar to 3MBD10, the 4G of
ATOXI1 interaction with MBD1-4 is also dominated by the entropic contribution (Fig. 4). In
summary, the binding parameters of 3MBD10 Nanobody and ATOXI are quite similar, and
therefore using this Nanobody may allow separating the dynamic and conformational effects of
ATOX1 binding to MBD1-6 domain chain from the copper transfer.

3ATP7 (MBD1) 3ATP145 (MBD1) 3MBD10 (MBD2)
> 3
2 1 < 1 NP 2 [ ; I
1 1 I
z I 1t e MEmd
= 0 0 =
3 T
[ae) 3MBD24 (MBD2) R50 (MBD3) 1R1 (MBD4)
E 3 r *kk
— 3
< 2t ‘ 1 5 I I 1 5 l I, *
I ' ' -
I — 0 | 0 |
Cu-Atox1 -+ + o+ -+ o+ o+ -+ o+ 4+
Nanobody, pg - -011.0 - -0110 - -011.0

Fig. 5 Effect of the Nanobodies on the ATPase activity of ATP7B in the membrane. The
activities were normalized to the specific activity of ATP7B without additions, which was 3.5 +

1.6 nmol/min mg protein. Statistically significant difference from the activity without Nanobody,
in the presence of Atox1-Cu, is marked by the asterisks (*, P<0.05; **, P<0.01; ***, P<(0.001)

We have also tested binding of some Nanobodies to the MBD1-4 variant, where all four copper-
binding CxxC motifs were replaced with SxxS (SxxS-MBD1-4, Table 1), making it unable to bind
copper. Five of the tested Nanobodies showed similar binding affinities to the metal free MBD1-4
and to SxxS-MBD1-4, as expected. Interestingly, the 3ATP7 Nanobody targeting MBD1 showed
no binding to SxxS-MBD1-4 at all, while 3MBD10 (MBD2) and 4A19 (MBD4) bound with a

11
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lower affinity, as evidenced by about tenfold higher K, value. This result likely indicates that for
these Nanobodies, the CxxC copper binding motif forms a part of the epitope.

Our previous work indicates that ATP7B activity is regulated through the dynamic interactions
between the MBDs #3. Nanobody binding to the MBDs could disrupt domain-domain interactions,
interfering with the activity regulation. We selected Nanobodies against each of the first four
MBDs and tested their effect on the ATPase activity of ATP7B in the membrane (Fig. 5).

The wild type ATP7B, and the catalytically inactive D1027A variant were expressed in the
mammalian HEK?293 cells, and the ATP7B activity was measured as a difference between the rates
of inorganic phosphate liberation by ATP hydrolysis in the wild type and the mutant membrane
preparations. ATP hydrolysis in the P-type ATPases is tightly coupled to the ion translocation, and
therefore ATPase activity is normally strongly stimulated by the transported ion. In the cell, copper
is delivered to ATP7B by ATOX1, and, consequently, the ATPase activity of ATP7B in vitro is
stimulated by ATOX1-Cu.

In our experiments, baseline ATP7B activity was 3.5 = 1.6 nmol/min x mg protein and was
stimulated by ATOX1-Cu to 6.2 = 2.4 nmol/min X mg protein. Because the ATPase activity
unrelated to ATP7B is subtracted, using catalytically inactive ATP7B as a control, the source of
ATPase activity in the absence of ATOX1-Cu is unclear, and may be related to futile cycling of
tightly bound copper within ATP7B. However, it is the ATOX1-Cu dependent fraction of activity
that reflects physiological regulation of the ATP7B transporter. Nanobody 3ATP145 (MBDI)
inhibited the total ATPase activity by approximately 45%, which corresponds to a complete
inhibition of the ATOX1-Cu stimulated activity. Nanobody 1R1 (MBD4) also showed some
inhibitory effect, approximately 20% of the total, or 50% of the ATOX1-Cu dependent ATPase
activity. Interestingly, the 2R50 Nanobody against MBD3, which disrupts MBD1-3 interactions
as shown by NMR 4, stimulated the total ATP7B activity by approximately 50%. Inhibition of
ATPase activity by the Nanobodies may have diverse causes, including interference with copper
transfer from ATOXI, restricted MBD movements that affect intramolecular copper transfer or
enzyme activation by copper, or steric hindrance of the global conformational changes associated
with E1 to E2 transition in the course of the catalytic cycle. Activation of ATP7B by the 2R50
Nanobody, on the other hand, is most likely explained by the dissociation of MBD1-3 domain
group, which has been proposed to trigger activation of ATP7B%

Detailed characterization of our panel of Nanobodies against ATP7B, identified several
Nanobodies with particularly useful properties for the functional and structural studies of the
copper transport processes. The 2R21 Nanobody has the highest affinity overall, with a
dissociation constant for Cu-loaded MBD1-4 below 10 M. Based on the high binding affinity,
2R21, along with 1R1 and the already tested SA51 (Fig. S3) should be particularly useful for
immuno-affinity purification of ATP7B from the human tissues, e.g. for analysis of metal content
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and posttranslational modifications in vivo. These Nanobodies can be also used to stabilize the
conformation of the highly mobile chain of the six metal binding domains in ATP7B for high
resolution structure determination. The wide range of Nanobody affinities covering more than
three orders of magnitude in terms of the dissociation constant is useful for protein dynamics
studies by NMR, where a protein probe with moderate or low binding affinity is often a more
useful tool than a tightly binding one.

The 2R21, 3MBD24, and 3ATP145 Nanobodies show good discrimination between the copper-
bound and metal-free form of the MBD chain, with at least tenfold affinity difference between the
two. The 3ATP145 and 2R50 Nanobodies have opposite effects on ATP7B activity: whereas
3ATP145 is strongly inhibiting, the 2R50 is activating. These properties should be particularly
useful for in-cell studies of copper transport. Several Nanobodies show high specificity for
particular MBDs, and allow selective targeting of either the MBD4, which plays mostly structural
role, or the MBD1-3 domain group, which is involved in ATP7B regulation through domain
dynamics.

Metal binding domains of ATP7B share high amino acid sequence similarity with the
corresponding domains of the related human copper transporter ATP7A (between 40 and 60%
identity for MBDs 1-4), and all the MBDs in ATP7B and ATP7A have very similar structure.
Therefore, some Nanobodies may show cross-reactivity with ATP7A, especially if the epitope
region includes the highly conserved sequence around the copper-binding CxxC motif. However,
many epitopes are likely to be unique, because most Nanobodies do not show strong cross-
reactivity with the other MBDs of ATP7B, even though amino acid identity between them can also
reach 50%.

Conclusions

We have developed and characterized an arsenal of Nanobodies against human copper
transporter ATP7B, with diverse properties, wide range of affinity and different domain specificity
for studying the mechanism of ATP-driven copper transport in vitro and copper transport pathways
in the cell. Several high-affinity Nanobodies targeting metal-binding domains 3 and 4 will likely
be particularly useful for solving the high-resolution structure of ATP7B. Nanobodies against
meta-binding domain 2 display similar binding properties to copper chaperone ATOXI,
facilitating their use as ATOX1 mimics in dissecting the mechanism of intramolecular copper
transfer in ATP7B. The activating and inhibitory Nanobodies can be used to manipulate ATP7B
activity in the cell.
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