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A B S T R A C T

Alternative non-IgG binding proteins developed for therapy are small in size and, thus, are rapidly cleared from
the circulation by renal filtration. To avoid repeated injection or continuous infusion for the maintenance of
therapeutic serum concentrations, extensions of unfolded polypeptides have been developed to prolong serum
half-life, but systematic, comparative studies investigating the influence of their size and charge on serum half-
life, extravasation, tumor localization and excretion mechanisms have so far been lacking. Here we used a high-
affinity Designed Ankyrin Repeat Protein (DARPin) targeting the tumor marker epithelial cell adhesion molecule
(EpCAM) in a preclinical tumor xenograft model in mice, and fused it with a series of defined unstructured
polypeptides. We used three different sizes of two previously described polypeptides, an uncharged one con-
sisting of only Pro, Ala and Ser (termed PAS) and a charged one consisting of Pro, Ala, Ser, Thr, Gly, Glu (termed
XTEN) and performed for the first time a precise comparative localization, distribution and extravasation study.
Pharmacokinetic analysis showed a clear linear relationship between hydrodynamic radius and serum half-life
across both polypeptides, reaching a half-life of up to 21 h in mice. Tumor uptake was EpCAM-dependent and
directly proportional to half-life and size, showing an even tumor penetration for all fusion proteins without
unspecific accumulation in non-target tissue. Unexpectedly, charge had no influence on any parameter, neither
tumor nor tissue accumulation nor kidney elimination kinetics. Thus, both polypeptide types have a very similar
potential for precise half-life modification and tumor targeting.

1. Introduction

Numerous biopharmaceuticals based on alternative non-IgG protein
scaffolds have been developed for cancer therapy. Most of these ther-
apeutic proteins are small, with sizes below the renal filtration threshold,
causing rapid elimination from the circulation [1–4] and thus a short
serum half-life. To avoid infusion or repeated injections of the proteins to
maintain high serum concentrations, various strategies to extend the short
serum half-life of therapeutic proteins have been developed.

One such approach is to increase the hydrodynamic radius of the
protein and thus its size above the renal filtration threshold. Most
popular has been the chemical conjugation of polymers such as poly-
ethylene glycol (PEG) [5,6]. However, PEG-molecules show a high
polydispersity leading to molecules with a broad size distribution [7,8],
making batch-to-batch consistency and half-life optimization difficult.
Besides, PEG must be coupled to the therapeutic protein by chemical
conjugation via engineered reactive sites [9], requiring additional steps
in product development and analysis, and making reproducibility more
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challenging. PEG is not biodegradable; it accumulates in various tissues
and can induce cellular and renal tubular vacuolation [10,11], and
neutralizing anti-PEG antibodies have been reported in patients treated
with PEGylated biopharmaceuticals [12], which can lead to its rapid
clearance from the circulation [13].

Another frequently used strategy for half-life extension is to exploit
the natural recycling mechanism of the neonatal Fc receptor by cou-
pling the therapeutic protein to serum albumin, to serum albumin
binding domains [14,15] or to the Ig-Fc domain [16–18]. Hitchhiking
the endosomal FcRn-recycling pathway was shown to be more effective
than merely increasing the protein size, and both approaches can be
combined to get an increased effect [19,20]. On the other hand, this
approach cannot be used for tuning a product to give it predictable
intermediate pharmacokinetics. However, this would be desirable for
therapeutics with systemic toxicity, where an optimum between tar-
geting efficiency and off-target effects must be found.

Recently, two types of intrinsically disordered proteins have been
reported to increase hydrodynamic volume and reduce elimination by
renal filtration. The first type is uncharged and consists only of the
amino acids Pro, Ala, Ser (termed PAS) [21], while the second type is
negatively charged and consists of Pro, Ala, Ser, Thr, Gly, Glu (termed
XTEN) [22]. They can be genetically fused to any therapeutic protein to
give monodisperse fusion constructs of strictly defined sizes [23,24]
and thus unique pharmacokinetic profiles. PAS and XTEN have been
reported as non-immunogenic in several mammalian species and de-
scribed as fully biodegradable without inducing accumulation and va-
cuolation in cells, and therefore they may be better tolerated than PEG-
derived conjugates [21,22].

Despite their conceptual similarity, PAS and XTEN greatly differ in
charge and amino acid composition, from which one might expect
different pharmacological behavior, notably in repulsion from cell
membranes of target or non-target tissues, or from excretion organs. So
far, a side-by-side comparison of different lengths/sizes of the two
polypeptides under fully identical in vivo conditions has not been
conducted, with respect to serum half-life, extravasation, tumor loca-
lization, accumulation in non-targeted healthy tissue or excretion me-
chanisms.

To clarify these effects, we made use of a Designed Ankyrin Repeat
Protein (DARPin) that targets the epithelial cell adhesion molecule
(EpCAM) on tumor cells with picomolar affinity [25,26], and the un-
structured polypeptides were fused to this DARPin. DARPins are a class
of small non-IgG binding proteins characterized by unique robustness,
giving much freedom for engineering, ease of production in E. coli and
favorable biophysical and biochemical properties [27–31]. For tumor
targeting, DARPins binding to various tumor-selective cell surface re-
ceptors with high affinity and specificity have been developed and
characterized [25,32–41].

In different preclinical models we had demonstrated that, due to
their small size, DARPins and DARPin-toxin constructs have very short
serum half-lives of only several minutes [37,39,40], and that PEGyla-
tion [36,40] improves tumor targeting by half-life extension.

Here we used a DARPin that binds to EpCAM as a model system to
engineer proteins by fusion to the intrinsically disordered polypeptides
PAS or XTEN of different defined lengths (300, 600, 900 aa for PAS and
288, 576, 864 aa for XTEN) to systematically determine the effects of
size and charge on serum half-life, tumor and tissue accumulation and
excretion mechanism. As initially their expression and purification was
found to be not straightforward, we developed a robust generic ex-
pression and purification protocol for these proteins. We report here a
systematic comparative investigation of the pharmacokinetics in mice,
the relationship to charge and hydrodynamic radius, as well as the le-
vels of unspecific uptake by non-tumor tissues and excretion mechan-
isms. Our findings describe the factors that influence pharmacokinetics
and biodistribution and thereby help optimize the desired modulation
of a given binding protein by design.

2. Materials and methods

2.1.1. Construction of XTEN and PAS sequences
The PAS sequences were constructed based on the PAS#1-repeat

sequence [21]. PAS-sequences of three different lengths (PAS#,
# = 300, 600, 900 amino acid residues) were assembled by sequential
combination of PAS#100 segments, consisting of multiple PAS#1-re-
peats, which were codon-optimized for E. coli expression and gene-
synthesized (Geneart), each bearing unique restriction sites. The 5′
(first) and 3′ (last) PAS#100 segments always carried 5′ BmtI and 3′
BamHI restriction sites for further cloning steps.

The original XTEN864 amino acid sequence was extracted from ref.
[22]. XTEN-sequences of three different lengths (XTEN#, # = 864,
576, 288 amino acid residues) were designed from the original
XTEN864 sequence. The XTEN576 consisted of the first 576, while the
XTEN288 sequence consisted of the last 288 amino acids of the
XTEN864 sequence, respectively. DNA sequences with 5′ BmtI and 3′
BamHI restriction sites were constructed, codon optimized for E. coli
expression and gene-synthesized (Geneart).

2.1.2. Cloning of polypeptide-DARPin fusion proteins
The plasmid pQIq encoding the EpCAM-binding DARPin Ec1 [33]

was modified (Fig. 1A) at the DARPin 5′ end by introducing a gene
fragment encoding for superfolder green fluorescent protein (sfGFP)
[42], a TEV cleavage site (ENLYFQG) and a FLAG™-tag (DYKDDDDK)
including a BmtI restriction site at the 3′ end. PAS and XTEN sequences
were introduced between the FLAG™-tag and the DARPin by cloning via
BmtI and BamHI restriction sites. For IMAC purification, a C-terminal
HRV-3C protease cleavable His6-tag (LEVLFQGPGSHHHHHH) was
fused to the DARPin 3′ end. GFP-tagged PASylated and XTENylated
DARPins were under the control of a T5 promoter (Fig. 1A). For non-
binding control fusion proteins, DARPin Ec1 was replaced by DARPin
Off7 [43], recognizing the E. coli maltose binding protein.

2.1.3. Expression and purification of polypeptide-DARPin fusion proteins
Chemically competent E. coli BLR (DE3) (Novagen) cells were

transformed with the pQIq plasmids encoding PASylated and
XTENylated fusion proteins of the DARPins Ec1 and Off7. Overnight
cultures consisting of 2-YT medium supplemented with 1% (w/v) glu-
cose and 100 μg/mL ampicillin were inoculated with a single colony.
After shaking for 16 h at 37 °C, 1 L ZYM-5052 auto-inducing medium
[44] supplemented with 100 μg/mL ampicillin was inoculated with
20 mL overnight culture. The expression cultures were grown at 37 °C
for 2 h, subsequently the temperature was lowered to 25 °C. After 22 h,
the cultures were centrifuged (4000 x g, 10 min, 4 °C) and washed by
resuspension of the cell pellets in ice-cold PBS pH 7.4. Cell pellets were
resuspended in 50 mM Tris-HCl pH 8.0, 400 mM NaCl (TBS400), sup-
plemented with 3 mg/mL lysozyme, 100 μg/mL DNase I and lysed by
sonication and French Press. The resulting lysates were centrifuged
(21′000 x g, 30 min, 4 °C) and the supernatants applied to Ni-NTA Su-
perflow (Qiagen) metal affinity columns (20–60 mL resin). All columns
were washed with each 15 column volumes (CV) of 50 mM Tris-HCl
pH 8.0, 20 mM imidazole supplemented with 400 mM NaCl, 1 M NaCl
or 20 mM NaCl, respectively. Proteins were eluted in 5 CV PBS pH 7.4,
500 mM imidazole. Next, the eluted proteins were applied to 5 mL GFP
affinity-columns [45] and washed with each 15 CV of TBS400 and 15
CV TBS400 supplemented with 5 mM ATP, 5 mM MgCl2 to remove
bound DnaK. The GFP affinity-columns were equilibrated with 50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT and TEV
protease produced in-house was added to a final concentration of
100 μg/mL. After incubation overnight at 4 °C, the cleaved proteins
were eluted and concentrated by ultrafiltration (Amicon Centrifugal
Filter Units, Millipore). Concentrated proteins were polished by pre-
parative size exclusion chromatography on an Äkta Explorer FPLC
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system (GE Healthcare) using a Superose 6 Increase 10/300 GL (GE
Healthcare) column and PBS pH 7.4 as running buffer. Fractions con-
taining the desired proteins were pooled and concentrated by ultra-
filtration (Amicon Centrifugal Filter Units, Millipore). Proteins were
snap-frozen and stored at −80 °C.

2.1.4. SDS-PAGE analysis
Equimolar amounts (113 pmol) of protein were analyzed by non-

reducing SDS-PAGE using NuPAGE™ 4–12% Bis-Tris Protein Gels
(Thermo Fisher Scientific) with NuPAGE™ MOPS SDS running buffer
(Thermo Fisher Scientific). As molecular weight standard PageRuler™
Prestained Protein Ladder (Fermentas) was used. Gels were stained
with Coomassie Brilliant Blue R250 (Sigma-Aldrich).

2.1.5. Analytical gel filtration
PASylated and XTENylated DARPins were analyzed on an Agilent

Advanced BioSEC column (Agilent) connected to an Agilent 1260

Infinity Bio-inert Quaternary LC HPLC system (Agilent). Ten microliters
of 10 μM protein dilutions in PBS pH 7.4 were injected to the HPLC
system at a flow rate of 0.35 mL/min. The elution profiles were mon-
itored by absorbance at 280 nm. For calculation of apparent molecular
weights, an injection of a high molecular weight gel filtration standard
(Agilent) was included.

2.1.6. Binding kinetics by surface plasmon resonance spectroscopy
The binding kinetics of PASylated and XTENylated DARPin Ec1 to

the purified extracellular domain of human EpCAM (hEpEx) were de-
termined on a ProteOn™ XPR36 instrument (BioRad). The ligand pro-
tein hEpEX was expressed, purified and enzymatically biotinylated as
previously described [39]. First, two ligand channels of a NeutrAvidin-
functionalized chip (ProteOn™ NLC Sensor Chip, BioRad) were coated
with 500 RU of biotinylated hEpEX in PBS-TE (PBS pH 7.4, 0.005%
Tween 20, 3 mM EDTA). Following a buffer injection for baseline sta-
bilization, a serial dilution of the polypeptide-DARPin fusion proteins

Fig. 1. Design and characterization of PASylated and XTENylated DARPin Ec1. A) Schematic representation of expression constructs and a Rosetta-simulated
exemplary model of the final protein construct of a 300 aa fusion. B) SDS-PAGE of purified proteins as used for in vivo experiments. Lane 1) PAS300-Ec1, 2) PAS600-
Ec1, 3) PAS600-Ec1, 4) XTEN288-Ec1, 5) XTEN576-Ec1, 6) XTEN864-Ec1. C) Analysis of proteins by analytical SEC-HPLC for determination of apparent molecular
size.
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(81 nM - 0.33 pM) was injected on separate ligand channels in dupli-
cates. The flow rate of all steps was 60 μL/min, the association time and
the dissociation time were 400 s and 2500 s, respectively. The chip
surface coated with ligand was regenerated between analyte runs by
two bursts of 25 μL 100 mM H3PO4 for 25 s. The sensorgrams were
double referenced by subtraction of interspot signals and a blank ana-
lyte channel. Data was fitted to a 1:1 Langmuir binding model and
analyzed using the ProteOn™ Manager Software (Version 3.1.0.6,
BioRad).

2.1.7. ESI-MS and SEC-MALS
Mass determination was done by electrospray ionization mass

spectroscopy at the Functional Genomics Center Zurich (FGCZ) and by
size exclusion chromatography coupled to multi-angle light scattering
(SEC-MALS). For SEC-MALS, proteins were analyzed on an LC1100
HPLC system (Agilent) coupled to an Optilab rEX refractometer (Wyatt
Technology) and a miniDAWN three-angle light scattering detector
(Wyatt Technology). Proteins were separated in a Superose 6 10/300
GL column (GE Healthcare) with a flow rate of 0.5 mL/min in PBS
pH 7.4.

2.1.8. Endotoxin removal
For endotoxin removal, purified proteins were applied to an

EndoTrap HD (product discontinued, Hyglos GmbH) affinity resin ac-
cording to the manufacturer's instructions. The buffer of eluted protein
was exchanged to endotoxin-free Dulbecco's PBS (Millipore) by PD-10
desalting columns (GE Healthcare). Endotoxin content was determined
with an EndoSafe Portable Test System (Charles River Laboratories)
using PTS test cartridges with 0.5–0.005 EU/mL sensitivity. The
amount of endotoxin in all purified samples was always below 5 EU/mg
of protein.

2.1.9. Mice
Female Crl:CD1-Foxn1nu mice aged 6–8 weeks were purchased from

Charles River Laboratories and kept under sterile conditions according
to the guidelines of the veterinary ordinance of the Kanton Zürich for
animal welfare.

2.1.10. Pharmacokinetics – blood clearance in mice
For measurement of in vivo blood clearance, mice were injected i.v.

into the tail vein with 4.5 mg/kg of PAS300/600/900-Ec1 or XTEN288/
576/864-Ec1 (N= 5 mice per group). Blood samples were drawn from
the saphenous vein at defined time points (for PAS300-Ec1 and
XTEN288-Ec1, 3 min, 1, 3, 6, 9, 12 and 24 h, and for PAS600/900-Ec1
and XTEN576/864-Ec1, 3 min, 1, 3, 6, 12, 24 and 48 h post injection).
After blood coagulation at room temperature for 30 min, serum was
prepared by two centrifugation steps (coagulated blood 7 min 3100 x g,
serum 3 min 5000 x g, room temperature) and stored at −80 °C until
quantification of serum concentrations by ELISA. Briefly, black 384-
well Immuno Plates (Thermo Fischer Scientific) were coated with 20 μL
mouse anti-(H)4 monoclonal antibody (Qiagen) at a dilution of 1:1000
in PBS pH 7.4 at 4 °C overnight. The wells were blocked for 1 h at at
30 °C in a temperature-controlled atmosphere with 300 μL PBS-TB (PBS
pH 7.4, 0.2% BSA, 0.1% Tween-20).

A serial dilution of serum samples ranging from 1:50 to 1:800 was
prepared by 1:1 dilution in PBS-TB. Two dilutions of each sample were
applied to coated wells. Control wells were incubated with PBS-TB
spiked with the respective dilution of CD1 nude serum for background
subtraction. For quantification of serum concentrations, serial dilutions
of purified polypeptide-DARPin fusions were prepared ranging from
50 nM to 390 pM. Standard dilutions were prepared in PBS-TB sup-
plemented with 0.125% to 2% (v/v) serum from an untreated animal to
ensure an identical composition of the sample matrix. Twenty micro-
liters of the serum samples or the standard dilution were applied to
coated and blocked wells. The plate was incubated for 1 h at 30 °C. The
wells were washed three times with PBS-T (PBS pH 7.4, 0.1% Tween-

20) at RT and incubated for 1 h at 30 °C with 20 μL of a 1:5000 dilution
of rabbit anti-DARPin polyclonal antibody (custom-made, Eurogentec)
in PBS-TB. After another washing step with PBS-T, 20 μL of a 1:10,000
dilution of goat anti-rabbit IgG (whole molecule)-peroxidase antibody
(Sigma-Aldrich) in PBS-TB were applied to the wells. Incubation of the
plate for 1 h at 30 °C was followed by four final washing steps with PBS-
T.

The assay was developed using Amplex UltraRed (Invitrogen). A
10 mM Amplex UltraRed solution in DMSO was diluted 1:400 in 75 mM
Na-citrate pH 6.0 and 20 μL were added to each well for detection.
Fluorescence was measured using a BioTek Synergy HT plate reader
(BioTek Instruments). All standards were prepared in triplicates
(N = 3) and each data point was measured in quadruplicates (N = 4).
Serum samples were measured in at least two dilutions on different
plates and every data point was measured in quadruplicates (N = 4).
The standard curve spiked with mouse serum and the corresponding
diluted serum sample for quantification were always on the same ELISA
microplate. Non-linear regression using a 4PL-model was used to fit the
data from serial dilutions to obtain a standard curve (Graph Pad Prism
Version 6.07, GraphPad Software Inc.). Concentrations of the re-
combinant proteins in the serum samples were quantified by inter-
polation of measured data points with the standard curves.

Data fitting and calculation of pharmacokinetic parameters with a
two-compartment model (2-phase exponential decay) was performed
using GraphPad Prism 6 (Version 6.07, GraphPad Software Inc.). The
area under the curve (AUC) was calculated by integration of a two-
compartment model describing the distribution and elimination of i.v.
injected polypeptide-DARPin fusion proteins. Clearance (CL), elimina-
tion rate constant (ke) and apparent volume of distribution (Vd) were
calculated with the formulas: CL=D/AUC, ke = ln (2)/τβ1/2, Vd = CL/
ke, where D is the dose, τβ1/2 is the terminal half-life, and ke is the
elimination rate constant.

2.1.11. Tumor cells
The EpCAM-positive colon adenocarcinoma cell line HT29 was ob-

tained from DSMZ (German Collection of Microorganisms and Cell
Cultures) and cultured in Dulbecco's Modified Eagle's medium (DMEM).
Cell culture medium was supplemented with 10% (v/v) heat-in-
activated fetal calf serum (Amimed) and 1% (v/v) Penicillin-
Streptomycin (Sigma-Aldrich). The cells were tested for human and
murine pathogens (IDEXX BioResearch) and cultivated at 37 °C in a
humidified atmosphere containing 5% CO2.

2.1.12. Tumor xenografts
Tumor xenografts were established on the back or the right shoulder

of mice by subcutanous injection of 8 × 106 HT29 cells. Experiments
started 2–4 weeks after tumor cell inoculation when tumors reached an
average volume of 100 mm3. Tumors were measured two times per
week with calipers and the volume was calculated according to the
formula: (short diameter)2 x (long diameter) x 0.4.

2.1.13. His-tag-specific [99mTc](CO)3-labeling of DARPin-fusion proteins
His-tag-specific radiolabeling of DARPin-fusion proteins with

[99mTc](CO)3 was performed as described previously [46]. Carbonyl
labeling Isolink kit vials (Mallinckrodt Medical B.V.) containing lyo-
philized sodium tartrate (8.5 mg), sodium borate decahydrate
(2.85 mg), sodium carbonate (7.15 mg) and sodium boranocarbonate
(4.5 mg) were used to prepare [99mTc(H2O)3(CO)3]+, abbreviated as
[99mTc](CO)3. Technetium pertechnetate (99mTcO4

−) was freshly
eluted from a 10.75 GBq UltratechneKow® FM Technetium Generator
(Mallinckrodt Medical B.V.) and added to the Isolink vial (1 mL). The
vial was placed into an organic synthesis microwave oven and heated
for 40 s at 150 °C. The solution was neutralized by adding 350 μL of a
buffer mixture of pH 6.5, containing 2 parts of 1 M HCl and 3 parts of
0.6 M phosphate buffer pH 7.0. Proteins were mixed with the required
amount of radioactivity and incubated for 1 h at 37 °C with agitation.
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Prior to injection to mice, the degree of radioactive labeling was ana-
lyzed by reversed phase C18 HPLC chromatography connected to an
HPLC radioactivity monitor.

2.1.14. Biodistribution of radiolabeled DARPins
Mice were injected i.v. into the tail vein with a single dose of

413 pmol [99mTc](CO)3-labeled (1.0–3.0 MBq/mouse) DARPin-fusion
protein in a volume of 100 μL. After 1, 4, 24 and 48 h mice (N= 3 mice
per time point and construct) were sacrificed, organs were excised and
the accumulated radioactivity was measured in a γ-scintillation
counter. The total activity injected was set to 100% and the measured
accumulated radioactivity in each organ and time point was normalized
to the percentage of injected dose per gram of tissue (%ID/g).

2.1.15. Single photon emission computer tomography (SPECT)
Mice (N = 2) were injected i.v. into the tail-vein with 532 pmol of

[99mTc](CO)3-labeled DARPin-fusion protein with 7.5 MBq. Twenty-
two to twenty-four hours after injection, mice were anesthesized with
isoflurane and imaged in a NanoSPECT/CT device (Bioscan) with a 4-
head multiplexing multi-pinhole camera. For highest resolution, pin-
holes with 1.0 mm diameter and a thickness of 10 mm were used. The
acquisition time was always set to 2:05 h to obtain comparable images.
CT scans were collected using the integrated CT with a tube voltage of
45 kVp. After the image acquisition, SPECT data were reconstructed
with the HiSPECT Software (Bioscan) and fused with the CT images.
Images were then analyzed with the InVivoScope postprocessing soft-
ware (Bioscan).

2.1.16. Organ autoradiography
After SPECT imaging, mice were sacrificed and tumors, right kidney

and liver were excised and frozen in OCT embedding matrix (Cell Path).
Frozen tissues were cut into 5 μm thick slices using a cryostat micro-
tome (Bright Instruments), transferred to Superfrost Plus™ microscope
slides (Thermo Fisher Scientific) and air-dried. The microscope slides
were placed on super-resolution or multisensitive storage phosphor
screens (Perkin Elmer) and screens were imaged with a Cyclone® Plus
Storage Phosphor System (Perkin Elmer) after 16 h. Images were pro-
cessed using Adobe Photoshop CC 2018 (version 19.1.3).

3. Results

3.1.1. Construction of generic polypeptide-DARPin fusion proteins
To investigate the influence of charge and molecular size on serum

half-life, biodistribution and secretion, we created a series of fusion
proteins to the EpCAM-binding DARPin Ec1 [33], which has an affinity
of 88 pM (Table 1). We created matching sets of fusions to intrinsically

disordered peptides with and without negative charge, short (PAS300/
XTEN288), intermediate (PAS600/XTEN576) and long (PAS900/
XTEN864), where the number indicates the number of fused amino
acids. The sequences were generated either by repetitive ligation of the
PAS#1 repeat [21] or by full gene synthesis of published XTEN se-
quences [22]. We fused the PAS or XTEN polypeptides of varying length
to the N-terminus of DARPin Ec1 and the non-binding control DARPin
Off7 (Fig. 1A).

3.1.2. Preparation of extraordinary pure polypeptide-DARPin fusion
proteins

Initial experiments had shown some smear on SDS gels, indicating
some incomplete synthesis in E. coli and/or partial degradation of these
long unstructured proteins, compounded by unsatisfactory purification
results. To overcome these problems, all proteins were expressed in the
cytoplasm of E. coli BL21 BLR (DE3) [47], a recA deficient strain to
reduce the risk of recombination of highly repetitive polypeptide se-
quences and to thus keep the expression plasmids stable (Fig. 1A). We
then developed a three-step purification protocol which resulted in
highly pure, homogeneous and full-length proteins, despite their great
size and unusual properties (Fig. 1B). As the first step, all proteins were
purified by immobilized metal ion affinity chromatography (IMAC),
using a hexahistidine-tag, which had to be placed at the C-terminus,
thereby yielding already almost pure full-length protein preparations.
Next, to enrich only full-length proteins with an intact N-terminus, their
N-terminal sfGFP-tag was bound to an anti-GFP-affinity column, car-
rying a very tight-binding immobilized “wrap-around” anti-GFP
DARPin [45]. All proteins without an N-terminal GFP-tag were washed
off the column. The bound full-length DARPin fusion proteins were
subsequently cleaved off the column-bound GFP by addition of tobacco
etch virus (TEV) protease, using an engineered cleavage site. After
elution, followed by an additional polishing step by size exclusion
chromatography (SEC), highly pure and monodisperse protein pre-
parations were obtained as shown by SDS-PAGE and analytical size
exclusion chromatography (Fig. 1 B,C). Bacterial endotoxin was sub-
sequently removed by lipopolysaccharide affinity purification to
achieve endotoxin levels below 1 EU/mL protein for in vivo use. Typical
final purification yields from 1 L E. coli shake flask culture were
30–50 mg for both polypeptide-DARPin fusion types (PAS and XTEN).

3.1.3. Biochemical and biophysical characterization of purified proteins
SDS-PAGE (Fig. 1B) confirmed highly pure protein preparations

without any traces of co-purified E. coli proteins or degradation, and
Western blotting confirmed the presence of N-terminal FLAG™- and the
C-terminal His6-tag and the absence of any other band (Fig. S1). As
previously shown by others [21,22], proteins fused to hydrophilic
peptides migrate more slowly than expected from the molecular weight,
probably due to reduced binding of SDS to the polypeptide chains,

Table 1
Biophysical characterization of PASylated and XTENylated and unmodified EpCAM-binding DARPin Ec1.

Construct MWcalc
a (kDa) MWabs

b (kDa) MWapp
c (kDa) Diameterd (nm) kon

e (M−1 s−1) koff
e (s−1) KD

e (M)

Ec1 19.30 19.30 29 N.A. 1.39 × 105 1.22 × 10−5 8.78 × 10−11

PAS300-Ec1 44.92 44.92 284 8.3 7.09 × 104 1.27 × 10−5 1.79 × 10−10

PAS600-Ec1 69.49 69.49 591 11.6 4.69 × 104 9.09 × 10−6 1.94 × 10−10

PAS900-Ec1 94.05 94.05 807 14.8 4.69 × 104 1.10 × 10−5 2.53 × 10−10

XTEN288-Ec1 46.93 46.93 347 8.3 5.62 × 104 7.90 × 10−6 1.41 × 10−10

XTEN576-Ec1 73.21 73.21 686 11.8 5.54 × 104 6.00 × 10−6 1.08 × 10−10

XTEN864-Ec1 99.63 99.64 891 15.0 5.63 × 104 7.82 × 10−6 1.39 × 10−10

a Molecular weights were calculated (MWcalc) with the ProtParam tool on the ExPASy server based on the amino acid sequence of polypeptide-DARPin fusion
constructs.

b The absolute molecular weight (MWabs) was determined by ESI-MS.
c Apparent molecular weights (MWapp) were determined by analytical size exclusion chromatography on an HPLC system.
d Diameters were determined by size exclusion chromatography coupled to multi-angle light scattering.
e Binding kinetics to EpCAM (hEpEx) was determined by surface plasmon resonance spectroscopy (SPR).
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which negatively charges the protein for electrophoretic separation.
PASylated DARPins always migrated less on SDS-PAGE than their re-
spective negatively charged XTENylated counterparts. For example,
PAS300-Ec1 and XTEN288-Ec1 have a calculated molecular weight of
44.9 kDa and 46.9 kDa, but migrated as 120-kDa and 70-kDa proteins,
respectively.

Electrospray ionization mass spectrometry (ESI-MS) confirmed the
masses of all purified polypeptide-DARPin fusion proteins (Fig. S2) and
matched the calculated molecular weights (Table 1). Multi-angle light
scattering coupled to size exclusion chromatography (SEC-MALS) con-
firmed the ESI-MS determined masses and showed that the protein
samples were monodisperse, with a polydispersity index of Mw/
Mn = 1.0 (Table ST1).

To investigate the different effect of fusing uncharged PAS and
charged XTEN polypeptides on hydrodynamic volume, analytical gel
filtration (SEC-HPLC) was performed (Fig. 1C) and the apparent mo-
lecular size was calculated from MW standards (Table 1). The proteins
eluted early from the gel filtration column, indicating a large hydro-
dynamic radius, equivalent to an apparent molecular size of approx.
280 kDa up to 879 kDa for PAS300-Ec1 and XTEN288-Ec1, and
PAS900-Ec1 and XTEN864-Ec1, respectively (Table 1). Thus, PASyla-
tion and XTENylation of the DARPin increased its average apparent size
at least 10- to 30-fold, from 29 kDa [28,33,37,38] of the unmodified
DARPin.

It is well known that the modification of binding proteins with
polymers such as PEG can alter the binding kinetics by a small reduc-
tion of the association rate constant [48], due to transient in-
tramolecular blocking of the paratope, as well as intermolecular
blocking after binding on a target surface. This was also observed with
the polypeptide fusions investigated here when measured with surface
plasmon resonance (SPR) on a biosensor chip coated with biotinylated
extracellular domain of EpCAM (hEpEX) (Table 1). The unmodified
DARPin association rate constant decreased by about a factor two, from
1.39 × 105 M−1 s−1 to an average of 5.54 × 104 M−1 s−1, in the fu-
sions, similar to PEGylation [48]. On the other hand, the dissociation
rate constants (kd) of the polypeptide-DARPin fusion proteins were not

affected by fusion to PAS and XTEN polypeptides within the error of the
measurements (Table 1, Fig. S3), again as has been observed for PE-
Gylation [48]. As a consequence, the equilibrium dissociation constants
(KD) increased slightly, from 1.2 to 2.9-fold, yet no clear trend for
length, type or overall negative charge was observed. In other words,
the high affinity of the DARPin Ec1 was maintained in the fusion pro-
teins.

3.1.4. Pharmacokinetics of DARPins shows linear relationship of
hydrodynamic volume and serum half-life, across both polypeptides

While the polypeptide-DARPin fusion proteins can be expected to be
cleared from the circulation more slowly, similar to PEG conjugates, it
was important to investigate the effect of charge and defined size in a
systematic in vivo side-by-side comparison of PASylated and
XTENylated proteins under identical conditions, as effects of charge on
excretion organs and/or interaction with serum or endothelial compo-
nents might occur and might lead to non-linear behavior. For this
purpose, anti-EpCAM DARPin Ec1, fused to PAS or XTEN of three de-
fined lengths, was injected i.v. into mice. Blood was collected at various
time points and serum concentrations were determined by a carefully
calibrated sandwich ELISA to calculate and compare all relevant
pharmacokinetic parameters (Fig. 2A, Table 2).

The serum concentration time courses of all PAS- and XTEN-DARPin
fusion proteins followed a bi-exponential decay with a short initial
distribution phase (α-phase) and a long terminal elimination phase (β-
phase) (Fig. 2A). Compared with the short half-life of only about 11 min
for DARPin Ec1 [37], fusions with PAS and XTEN polypeptides strongly
extended the terminal half-life to between 5.3 and 20.6 h (30- to 114-
fold), depending on the polypeptide length and type.

Interestingly, DARPin fusion proteins with XTEN always showed
slightly longer terminal elimination half-lives than their comparable
PAS counterparts (Table 2), even though the latter comprise somewhat
fewer amino acids in the matched pairs. When relating the hydro-
dynamic volumes to the terminal half-lives of all fusion proteins, a
linear relationship was observed (Fig. 2B) across both classes of fusions.
This indicates that the serum half-life is directly correlated only with

Fig. 2. In vivo pharmacokinetics of PASylated and XTENylated DARPin Ec1. A) Blood clearance of PASylated and XTENylated DARPin. All proteins were injected i.v.
into mice at 4.5 mg/kg. Blood samples were collected 3 min, 1, 3, 6, 9, 12 and 24 h for PAS300-Ec1 and XTEN288-Ec1, and 3 min, 1, 3, 6, 12, 24, 48 h for all other
constructs after injection. Serum concentrations of the fusion proteins were quantified by sandwich ELISA and interpolation with an appropriate protein standard.
Data points are the average ± SD of N= 5 mice, and each measured in two different dilutions. Data were fitted with GraphPad Prism version 6.07 using a
pharmacokinetic two-compartment model (bi-exponential decay). B) Linear relationship of serum half-life (τβ

1/2) and apparent molecular size (MWapp) determined by
analytical size exclusion chromatography (aSEC-HPLC).
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the hydrodynamic volume and essentially independent of the charge of
the polypeptide type used. The increased elimination half-lives of the
polypeptide fusion proteins also resulted in increased areas under the
curve (AUC), which ranged from 245 to 1825 h μg/mL and gave rise to
decreased clearance rates (CL) of 0.5 to 0.07 mL h−1 (Table 2).

The apparent volume of distribution (Vd) is used as a measure for
the extent of equilibration and distribution of an injected compound
within the body tissues after injection. Mice have an extracellular fluid
volume (ECFV) and a blood volume (BV) of approx. 21% and 7.5% of
the body weight, respectively [49]. Considering the body weight of the
mice, this corresponded to approx. 6 mL ECFV and 2 mL BV. The dis-
tribution volumes of all tested polypeptide-DARPin fusion proteins
were in the range of 1.95 to 2.57 mL (Table 2), indicating that they
initially mainly distributed only in the intravascular space, from which
extravasation to certain tissues as tumors may occur. This is corrobo-
rated by the shape of the bi-exponential decay curves of the serum
concentration time curves, as the initial distribution phase is very short,
followed by a long and steady elimination phase. All fusion proteins
behaved similarly, with the exception of XTEN288-Ec1, which was
characterized by a slightly longer lasting distribution phase and a larger
decrease in the serum concentration during the first time points. Con-
sequently, for this protein, the calculated AUC decreased and the Vd

increased (Table 2), indicating faster equilibration and tissue distribu-
tion compared to the other polypeptide-DARPin fusion proteins
(Fig. 2A).

3.1.5. Tumor uptake of PASylated and XTENylated DARPins correlates
with serum half-life and molecular size

To further investigate the influence of charge and size on biodis-
tribution in tumor-bearing mice, we conducted biodistribution and
imaging studies. To this end, nude mice bearing EpCAM-positive HT29
tumor xenografts were injected i.v. with [99mTc](CO)3 radiolabeled
proteins. To quantify tumor uptake, 413 pmol protein labeled with
1 MBq were used and tumors were measured after 1, 4, 24 and 48 h. For
SPECT imaging and tumor autoradiography, mice were injected i.v.
with 532 pmol protein labeled with 7.5 MBq, and imaging was per-
formed after 24 h prior to euthanasia and preparation of tumors for
autoradiography to visualize intratumoral distribution.

As shown in Fig. 3A and Table S2, fusions with PAS and XTEN
polypeptides greatly increased tumor uptake in a size-dependent
manner, whereas systematic differences between the two polypeptide
types of different charge were not detectable (Fig. 3A/Table S2).
Twenty-four hours after injection, activity in the tumor reached 6.83 to
10.62%ID/g for the EpCAM-targeting fusion proteins. After 24 h, the
tumor uptake of the unfused DARPin Ec1 was 2.05%ID/g for

unmodified Ec1, and 0.56%ID/g for unmodified non-binding control
DARPin Off7 (Fig. 3A/Table S2). Fusion proteins of the non-binding
control fusions with DARPin Off7 also showed only a low uptake (1.00
to 5.01%ID/g) (Table S2), demonstrating only a small enhanced per-
meability and retention (EPR) effect.

To calculate a specificity index for tumor uptake of the fusion pro-
teins, for each construct the uptake value of the EpCAM binder (Ec1
fusions) was divided by the one of the non-binder (Off7 fusions) (%ID/g
tumorbinder/%ID/g tumornon-binder), plotted over time (Fig. 3B). The
time scales where tumor uptake is specific above levels of passive tar-
geting (measured by Off7 fusions) differed among the constructs ac-
cording to their size, but not according to the polypeptide charge. At
early time points, differences between active and passive targeting were
hardly detectable, whereas the effect of retention of the radiolabeled
proteins by specific tumor cell binding increased with time. For all
constructs, the specific uptake above levels of passive targeting became
significant between 1 h and 4 h. This time was inversely correlated with
molecular size, i.e., fusion with the shortest polypeptides increased
specificity at earlier time points, while fusion with the longest poly-
peptides increased specificity at later time points.

Autoradiography of tumor slices visualized the spatial distribution
of accumulated radiolabeled proteins within the tumor tissue. Tumor
autoradiography 24 h after i.v. injection showed deep tissue penetra-
tion and distribution of the EpCAM-targeting polypeptide-DARPin fu-
sion proteins (Fig. 3C). All constructs distributed equally well and lar-
gely independent of their size and charge. In contrast, the
corresponding control fusion proteins with DARPin Off7 did not show
any tissue distribution and penetration (Fig. 3C). On autoradiographs,
activity of those control constructs was only detected in a thin vascu-
larized layer in the periphery of the tumor. This underlines the high
specificity of tumor uptake achieved with the targeting fusion proteins.
Again, there was no detectable difference between the two polypeptide
types. Tumor autoradiographs of unmodified DARPin Ec1 showed even
distribution but very low activity, while the activity of control Off7 was
essentially at background level. This demonstrates that fusions to PAS
and XTEN to a binding protein effectively support specific active uptake
and penetration in tumors, but do not lead to unspecific passive tar-
geting.

3.1.6. PASylation and XTENylation of DARPins improves tumor uptake
without increasing accumulation in non-target tissues

Biodistribution and imaging studies were conducted to test the ef-
fect of the intrinsically disordered polypeptide fusions, with and
without negative charge, on unspecific accumulation in non-target tis-
sues. To this end, mice bearing EpCAM-positive HT29 tumor xenografts
were injected i.v. with [99mTc](CO)3 radio-labeled proteins as described
above. After 1, 4, 24 and 48 h tumor, blood, heart, lungs, stomach,
intestine, kidneys, liver, spleen, bone and muscle were measured ex
vivo for biodistribution of injected radiolabeled proteins. For SPECT
imaging and tissue autoradiography, mice received a single i.v. injec-
tion as described above, and after 24 h they were SPECT-imaged prior
to euthanasia and preparation of tissue slices of the right kidney and left
liver lobe for tissue autoradiography and visualization of the local
distribution of the injected proteins in sampled tissues.

Biodistribution (Fig. 4, Table S2) and SPECT imaging (Fig. 5, Fig.
S4) show that fusion proteins of PAS and XTEN with Ec1 or the non-
binding control DARPin Off7 did not accumulate in non-tumor tissues.
In contrast to the tumor, only low activity levels were detected after
24 h. This therefore excludes off-target binding of the DARPins, un-
specific interaction of the unstructured polypeptides with membrane
components or other receptors or unspecific effects by the fusion pro-
teins' charge or absence thereof. The longer half-life of the polypeptide-
DARPin fusion proteins was reflected by the very gradually decreasing
activity in the blood and in well-perfused organs like heart, lung and
spleen (Fig. 4, Table S2). Furthermore, all other non-tumor tissues
(Fig. 3A, Table S2) showed a trend in time-dependent decrease in

Table 2
Pharmacokinetics of PASylated and XTENylated EpCAM-binding DARPin Ec1.a

Construct τβ
1/2

b (h) AUC c (h μg/
mL)

CL d

(mL h−1)
ke

b (h−1) Vd
d (mL)

PAS300-Ec1 5.39 379 0.317 0.129 2.46
PAS600-Ec1 12.72 856 0.140 0.054 2.57
PAS900-Ec1 17.00 1167 0.103 0.041 2.52
XTEN288-Ec1 6.22 245 0.490 0.111 4.40
XTEN576-Ec1 14.71 1222 0.098 0.047 2.08
XTEN864-Ec1 20.55 1825 0.066 0.034 1.95

a Parameters were calculated after i.v. injection in mice using GraphPad
Prism Version 6.07. Elimination half-lives are averages of the 95% confidence
interval of N= 5 mice.

b Terminal serum elimination half-life (τβ1/2) and elimination rate constant ke
were calculated by fitting the data with a 2-phase exponential decay function.

c The area under the curve (AUC) was calculated by integration of the 2-
phase exponential decay function from the first sampling time point to the last
sampling time point.

d Clearance rate (CL) and apparent volume of distribution (Vd) were de-
termined by calculation from CL= D/AUC or Vd = CL/ke, where D is the dose.
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Fig. 3. Tumor uptake and tumor tissue distribution of radiolabeled PASylated and XTENylated EpCAM-binding DARPin Ec1 and control DARPin Off7 in mice bearing
EpCAM-positive HT29 tumor xenografts. A) Tumor uptake (%ID/g tumor) of EpCAM targeting fusion proteins 1, 4, 24 and 48 h after i.v. injection of 412 pmol protein
with 1 MBq specific activity of [99mTc](CO)3. Data points are the averages of N= 3 mice ± SD. B) Uptake specificity 1, 4, 24, 48 h of the fusion proteins shown in (A).
The specificity index was calculated by (%ID/g tumorbinder/%ID/g tumorcontrol). Data for control fusions are shown in Table S2. C) Autoradiographic images of 5 μm
thick tumor slices. Tumors were frozen after excision from euthanized mice and cut into slices using a cryostat. Slices were placed on phosphor imaging plates
overnight.
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Fig. 4. Biodistribution of [99mTc](CO)3 labeled PASylated and XTENylated DARPin Ec1 in mice bearing EpCAM-positive HT29 tumor xenografts. Mice (N = 3) were
injected i.v. with 413 pmol protein containing 1 MBq specific activity. After 1, 4, 24 and 48 h, mice were euthanized and the activity (%ID/g tissue) in organs was
measured with a γ-scintillation counter. Data points are average ± SD. The complete set of biodistribution data including all Off7 control constructs is shown in Table
S2. A) Blood, B) Heart, C) Lungs, D) Stomach, E) Intestine, F) Bone, G) Muscle, H) Spleen, I) Kidney, J) Liver.
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activity, consistent with the time-dependent elimination of the radi-
olabeled proteins from the circulation, which was similar to that ob-
served by sandwich ELISA (cf. Fig. 2A).

Kidney and liver as typical clearance organs were investigated for
accumulation of the proteins. In the kidney, the decrease over time was
in the same range for XTEN and PAS, when polypeptide-DARPin fusions
of comparable length or hydrodynamic volume were compared. An
inverse relationship of %ID/g and apparent molecular size could be
observed: the larger the molecular size, the less activity in the kidney
was measured, with most activities ranging from 45 to 7.5%ID/g kidney
24 h after injection (Fig. 4I/Table S2). Only XTEN288-Ec1 showed a
higher trend to localize to the kidney, and was similar in this respect to
the unfused DARPin Ec1. Interestingly, XTEN288-Ec1 had revealed a
somewhat longer initial distribution phase and a higher apparent vo-
lume of distribution (Fig. 2A/Table 2) than the other fusion proteins,
especially when compared to PAS300-Ec1, which is similar in size.
Kidney autoradiography (Fig. 5) demonstrated for all proteins that ac-
tivity was restricted to the renal cortex.

In the liver, radioactivity remained constant throughout the ob-
served time period (Fig. 4J), with values for fusion proteins with
DARPin Ec1 being slightly lower compared to those with control
DARPin Off7 (Table S2). Liver activities of polypeptide-Ec1 fusion
proteins ranged from 6.03 to 8.97%ID/g liver tissue after 24 h, without
any correlation to molecular size, while polypeptide-Off7 fusions al-
ways showed higher liver activities, ranging from 6.15 to 15.79%ID/g
liver. Control PAS-Off7 fusions showed the highest liver accumulations,
decreasing with larger size, while XTEN-Off7 fusions showed lower
activity and no obvious size-dependence (Table S2). SPECT imaging
and autoradiography showed homogenous distribution in the liver
tissue (Fig. 5/Fig. S4), without areas of deposits.

To better understand how the DARPin and the various polypeptide-

DARPin fusion proteins are eliminated from the body, urine and feces
were collected 24 h after injection. In the urine, low levels of activity
ranging from 0.5 to 1.6% of the injected dose were measured and no
trend was observed with respect to molecular weight, mass, or whether
the targeting DARPin or the control DARPin was considered (Table S3,
Fig. S5). This finding was corroborated by kidney autoradiography and
SPECT imaging (Fig. 5/Fig. S4). Only traces of activity were detected in
the feces (0.24 to 0.78%ID) (Table S3), again with no trend regarding
mass, charge or DARPin identity.

4. Discussion

Naturally occurring intrinsically disordered proteins (IDPs) have
been recognized as an integral part of cellular function [50,51] and
evolution has optimized them for solubility and resistance to proteases,
but usually targeted them to be at the brink of folding and binding, or
involved in association with other partners to result in a phase se-
paration phenomenon [50,52,53]. Similarly, synthetic unstructured
proteins, as the PAS and XTEN polypeptides used here [21,22], also
avoid hydrophobic residues, but are either completely uncharged
(PAS), or carry only negative charges (XTEN), since polycations would
be problematic for drug delivery [54]. In both cases of PAS and XTEN,
sequence patterns are avoided that would be commensurate with sec-
ondary structure formation.

Therefore, these synthetic IDPs do not appear to fold, associate or
aggregate, and behave as monomers with a very large hydrodynamic
radius of a random-flight polymer, somewhat larger for the negatively
charged ones because of internal repulsions. This makes them highly
suitable for fusions to therapeutic proteins, in a conceptually similar
manner as conjugation with PEG [5,55–57]. The hydrodynamic radii of
PAS300 and XTEN288 fusion proteins, as determined by the sizes from

Fig. 5. Whole-body single-photon emission com-
puter tomography (SPECT) imaging and tissue au-
toradiography of kidney and liver from mice bearing
EpCAM-positive HT29 tumor xenografts. Mice were
injected i.v. with 532 pmol [99mTc](CO)3 -labeled
polypeptide-DARPin Ec1 fusion protein or un-
modified Ec1 with 7.5 MBq specific activity. Twenty-
four hours after injection one mouse was anesthe-
tized for SPECT imaging with isoflurane and imaged
for 2 h. SPECT-images correspond to the maximum
intensity projection (MIP). For kidney and liver au-
toradiography, organs were frozen in tissue-embed-
ding solution ex vivo and cut into 5 μm thick slices
using a cryostat. The slices were placed on phosphor
imaging plates overnight and imaged using a phos-
phor plate reader.
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analytical SEC, were in the range of proteins conjugated with PEG
polymers of a nominal molecular weight of 20 kDa [58]. The poly-
peptides of longer chain length would be similar to the largest PEGs
available for conjugation [40].

The production and purification of proteins with such properties can
be a challenge, compounded by potential recombination of repetitive
protein sequences, inaccessibility of tags, impurities directly bound to
the unstructured region and their unusual behavior on ion exchange
columns. Incomplete polypeptide-DARPin fusion proteins, resulting
from either incomplete translation or degradation are not well detect-
able by Coomassie-stained protein gels, because they do not contain
basic or hydrophobic amino acids to which the stain predominantly
binds, and such side products are thus only detectable at the end by
peptide bond absorption at 210 nm [59]. Despite these initial difficul-
ties, we established a very robust high-yielding lab scale procedure
which is independent of the polypeptide size and works equally well for
the charged XTEN and uncharged PAS polypeptides, and is independent
of the properties of the DARPin or other protein of interest. A recA-
deficient E. coli strain was used for cytoplasmic expression to prevent
possible recombination of the repetitive polypeptide sequences con-
taining tandem repeats. To eliminate potentially incompletely synthe-
sized polypeptides, we employ affinity tags at both ends, first using the
C-terminal His-tag, followed by capturing the N-terminal sfGFP tag with
an anti-GFP-affinity column [45], which permits rigorous washing and
subsequent proteolytic elution. A final polishing step by preparative gel
filtration leads to the desired products (Fig. 1). In summary, this three-
step purification strategy yielded protein preparations of extraordinary
purity without co-purified E. coli impurities and entirely devoid of in-
completely translated polypeptide-DARPin species as shown by SDS-
PAGE (Fig. 1B), Western blots (Fig. S1), and ESI-MS (Fig. S2, Table 1).

Incubation of DARPins [37], and of PAS [21] and XTEN [22]
polypeptides with mouse serum showed no signs of degradation,
whereas incubation with kidney homogenate showed rapid degradation
of all proteins. This finding and the long terminal half-lives of more
than 20 h of the longest polypeptides are consistent with the fact that
the polypeptide-DARPin fusion proteins are resistant to proteolytic
degradation in serum. However, we could detect low levels of small
hydrophilic [99mTc](CO)3 metabolites (Fig. S5) in the urine, suggesting
that small amounts of the label are cleaved from the proteins and then
directly eliminated through the kidney. Due to the residualizing prop-
erty of [99mTc](CO)3 in cells this must occur in the extracellular space.

When fusing or conjugating a large, flexible polymer to a binding
protein, even when doing so remotely from the paratope, a transient
blocking will result [48] that manifests itself in a slightly reduced as-
sociation rate constant (ka), but an identical dissociation rate constant
(kd), the latter indicating an unchanged binding site. What has been
established before with PEG-conjugated antibody scFv fragments [48]
was also observed here with PAS and XTEN fusions to DARPin Ec1. We
observed a modest decrease (2–3 fold) of ka, while kd remained es-
sentially unchanged. Therefore, the apparent equilibrium dissociation
constant (KD) increased by the same small factor, however, this small
decrease in affinity is negligible since it is still in the picomolar range.
Within the accuracy of the measurements, no clear trend of polymer
size or charge was discernable for the kinetic parameters, and we
cannot rule out a potentially very small influence of the negatively
charged alginate chip surface on the XTEN fusions, which would have
to be studied further.

In a side-by-side comparison of sets of fusion proteins of PAS and
XTEN with 300 and 288 aa, 600 and 576 aa, as well as 900 and 864 aa,
respectively, we found that the serum half-life can be correlated across
both types of proteins very well to the hydrodynamic radius, as mea-
sured by elution volume on analytical SEC (Fig. 2B). It might have been
expected a priori that XTEN, due to its high negative charge and the
electrostatic repulsion from membranes, would show a stronger half-
life extension effects than PAS, but this was not observed, when taking
the hydrodynamic radius into account.

For all constructs, except XTEN288-Ec1, distribution phase (α-
phase) and elimination phase (β-phase) can hardly be distinguished
after i.v. injection and the apparent volume of distribution (Vd) was in
the range of the serum volume of mice. This suggests that the injected
proteins were largely restricted to the intravascular space from which
also elimination occurs. XTEN288-Ec1 differs with its more pronounced
and rapid distribution and elimination and a larger apparent volume of
distribution (Vd), indicating that this specific construct better equili-
brates with tissues. Consequently, the faster elimination kinetics of
XTEN288-Ec1 correlated with a stronger labeling of the kidneys, similar
to the unfused DARPin. This observation may help to choose the con-
struct with the optimal pharmacokinetics, depending on the desired
application.

The pharmacokinetic data observed here, using the same DARPin
fusion on both systems, are similar to those that have been reported
with other fusions to proteins of interest, e.g. to IFN, Fab fragments or
peptides (often only one fusion protein was reported) [21,23]; small
differences are most likely due to the influence of the fused payload, as
well as unavoidable differences in the detection method, dosing and
observation time points. Nevertheless, it appears that, in a first ap-
proximation, the properties of the fusion protein are given by the hy-
drodynamic properties of the intrinsically disordered protein fused to
the protein of interest.

The efficiency of tumor uptake as a function of affinity and size has
been studied before both in simulations based on literature data [60,61]
as well as by direct experimental measurements [40]. Both lines of
evidence agree that efficient tumor uptake can be achieved with very
small binding proteins having very high affinity or, more efficiently,
with much larger targeting proteins with long serum half-lives, but not
so well with proteins of intermediate molecular weights [40,60,61]. In
the present study, only one very small protein and a systematic set of
rather large proteins were compared, and we observed a correlated
increase between molecular size and tumor accumulation. All con-
structs were monomeric and had very similar picomolar affinity, and
our data match well with the data in the simulations [60,61]. The
proteins with larger size accumulated in the tumors with slower kinetics
than their smaller counterparts. This could result from a combination of
reduced extravasation rates, and smaller diffusion coefficients of larger
molecules, amplified by crowding effects on the molecular level.

Because of the increased serum persistence and lower clearance of
larger molecules, at any given time the blood acts as a reservoir for
extravasation, and thus with higher serum concentrations higher tissue
accumulation can be expected. This was also observed for the non-
binding control fusion proteins, although at a very low level. The low
tumor accumulation of the control constructs suggests only a marginal
role of passive tumor targeting by the enhanced permeability and re-
tention (EPR) effect [62]. A further increase of the size, however, may
not necessarily result in even higher uptake due to a substantial drop in
the vascular extravasation rate with increasing molecular size [63]. In
fact, as shown by simulations, tumor uptake continually decreases as
size increases above 20 nm in radius.

Our tumor autoradiography data show good tumor penetration and
essentially a homogeneous distribution within the HT29 tumor tissue
for targeted polypeptide-DARPin fusions — if only a subset of cells were
reached in treatments, drug resistance would inevitably emerge. In
contrast, localization of the non-targeted control fusions was restricted
to a thin vascularized layer in the tumor periphery, which was most
likely due to molecules remaining in the blood pool. Altogether, in
tumor uptake and tissue distribution experiments we could again not
find a difference between PASylation and XTENylation. On the other
hand, we cannot rigorously exclude yet that possible electrostatic re-
pulsion of the XTEN polypeptides by cellular membranes might impede
cellular uptake and might thus limit the anti-tumor effect of certain
cytotoxic conjugates, and this requires further investigations.

It has been well known that antibodies typically show high tumor
uptake, but very limited penetration and distribution within tumors
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[64,65]. Early proposals that this is entirely due to steric hindrance
have been largely refuted, and instead today this is usually explained by
a combination of high affinity saturation of binding sites at a given
dose, proceeding from the tumor outside to inside [61,66,67], often
with subsequent receptor internalization after bivalent binding. Even
though the affinity of the DARPin used here is picomolar, it is possible
that their monovalency is a factor in the observed excellent tumor pe-
netration.

The proteins with the longest half-lives are those that use FcRn re-
cycling, namely IgG and serum albumin. In mice, the half-life of mouse
albumin is about 30 h, while in the absence of FcRn recycling, it is
about 20 h [68,69], which is also the range of non-FcRn recycled IgGs
[70,71]. Fusions of the largest polypeptides (PAS900 and XTEN864) are
in this range (Table 2). Thus, the PAS900 and XTEN864 fusions to
DARPin Ec1 increased the half-life in mice similarly as conjugation with
human serum albumin [37], which also does not show FcRn recycling
in w.t. mice (Merten et al., manuscript in preparation). It is currently
unclear whether significantly longer half-lives than observed here can
be reached in the absence of FcRn recycling, and in occasional reports
of longer half-lives in mice, the accuracy of the measurements needs to
be critically examined. Allometric scaling as well as some clinical
testing suggests that the longest PAS and XTEN polypeptides may ap-
proach serum half-lives of up to 10 days in man [23].

An important difference to be further explored is that the XTEN and
PAS fusions, with the exception of XTEN288-Ec1, were mainly confined
to the intravascular compartment, unlike albumin and albumin fusions,
which are also found in interstitial spaces. Additionally, the FcRn re-
cycling within endothelial cells, which does not occur for the fusions
tested here, can alter the type of off-target exposure between such half-
life extended molecules. Furthermore, the differences in extravasation
between a compact globular protein such as serum albumin and the
fusions examined here, formally of larger size but much more flexible,
has not yet been explored.

Although differences in target properties, expression levels, and
differences in radiolabeling make the comparison of different tumor
accumulation studies intrinsically difficult, similar levels were found
here as in related studies. Intratumoral accumulation of PASylated and
XTENylated DARPin Ec1 is comparable to a PEGylated Her2-binding
DARPin [40]. Compared to a Fab-PAS600 fusion protein [72], the
PAS600-DARPin fusion proteins lead to an almost 50% higher uptake.
Fab-ABD fusions tested in the same study showed similar high tumor
uptake rates as the largest PAS-/XTEN-DARPin fusions of the present
study. In aggregate, these studies show that PASylation and XTENyla-
tion can achieve similar tumor accumulation levels in mice as FcRn-
recycled fusion proteins.

The biodistribution studies with the radiolabeled PASylated and
XTENylated DARPin fusion proteins and of unmodified DARPins
showed no non-specific accumulation in non-tumor tissues after i.v.
injection. The levels measured in all organs were background; the de-
tectable levels followed the blood elimination kinetics and simply in-
dicated the gradual elimination from the circulation. This confirms that
neither the fused nor the unfused DARPins accumulated in tissues not
expressing EpCAM, and that the PAS and XTEN fusions did not cause
any non-specific accumulation by themselves, consistent with previous
reports [23,59,72], as well as reports on PEGylated DARPins [40].

Due to their role in metabolism and clearance, the liver and the
kidneys are the most critical organs affected by therapies involving
cytotoxic proteins, and dose-limiting adverse effects often have their
origins at these organs. It is thus important to study the clearance
mechanism of these IDP-fusion proteins. We found that the liver
showed rather constant but modest levels of radiolabeled polypeptide-
DARPin fusion proteins throughout the experiments, independent of
size and charge. This is in line with other non-accumulating half-life
extended molecules [40,58,59,72–75] and suggests that the liver is not
a major site for metabolism and elimination of such molecules [23].

In contrast, the kidney was the major organ of clearance for all

tested fusion protein constructs. We observed a size-dependent accu-
mulation of radioactivity and, within the 48 h of measurement, poly-
peptide-DARPin fusions with larger size always showed lower levels
detected in biodistribution experiments as well as by kidney auto-
radiography and SPECT imaging. [99mTc](CO)3 is a residualizing label,
which remains trapped in cells after endocytosis and degradation of the
proteins, as there is no retrograde transporter. It thus reflects the total
amount of radiolabeled protein which has entered this compartment
until the time of measurement. This amount is smaller for the larger
proteins because, as shown in Fig. 2, their elimination is delayed and a
substantial amount still remains in the circulation 48 h after injection.
The residualizing property of [99mTc](CO)3 also suggests that the low
levels of free label in the urine detected by autoradiography of SDS-
PAGE gels (Fig. S5) result from extracellular cleavage somewhere in the
body. The lack of full-length polypeptide-DARPin fusions in the urine
can be expected from an intact kidney function.

Our autoradiography data of the renal cortex do not discriminate
between radioactivity in cells of the glomerulus or the proximal tubule.
Nevertheless, one can expect that the smaller proteins pass the glo-
merular filter and end up in the tubular epithelial cells, whereas the
larger ones are retained and may be degraded in the glomerulus. Recent
evidence indeed suggests that degradation of proteins in the kidney can
occur at two sites, the proximal tubule and the glomerulus, where the
required transport systems are expressed in podocytes, which in addi-
tion express a plethora of intracellular and extracellular proteases
[76,77]. On the other hand, this does not explain uptake of the nega-
tively charged XTEN polypeptides, which accumulated in the renal
cortex similarly as the uncharged PAS proteins of the same size, even
though one might have expected a repulsion by negatively charged
structures in the glomerular basement membrane [77]. For these
charged proteins the renal mesangial space is the only site where ac-
cumulation can occur [78,79], as it is directly accessible through the
glomerular vascular fenestrations, which typically have a relatively
wide width of 70 to 130 nm. From here, internalization and degradation
of the proteins by macrophages and mesangial cells may occur [80].

A major fraction of peptides and small proteins developed for tumor
targeting is cleared rapidly from the circulation before efficient tumor
uptake and hence before anti-tumor effects are achieved. The use of
PAS and XTEN polypeptides of different length fused to the same
DARPin, produced and purified in a robust method, allowed us to
systematically investigate the role of the size and charge for serum half-
life, biodistribution and tumor uptake in mice without any other var-
iations. Pharmacokinetic analyses showed a clear linear relationship
between hydrodynamic radius of the unstructured polypeptide, half-life
and AUC, across both polypeptide types and independent of charge.
Most importantly, extended serum half-life of the fusion proteins con-
sistently increased tumor uptake without increasing unspecific accu-
mulation in non-target tissues including liver and kidneys, and we
found the kidney to be the major site of excretion for all constructs. In
summary, we conclude that the ability to precisely engineer the half-life
of therapeutic proteins by design using unstructured polypeptides holds
great promise in increasing the options for effective tumor targeting.
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