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Introduction

Many neurodegenerative and other diseases are thought to be 
triggered by the abnormal aggregation of intracellular proteins, 
which then interferes with critical functioning of the cell, eventu-
ally leading to degeneration. Existing symptom-based treatments 
do not address this underlying process, and will necessarily be 
short-term solutions. Intrabodies, which can be selected, engi-
neered, and delivered as genes, offer a novel protective therapeu-
tic approach.1,2 Consisting of the antigen binding domains, these 
single-chain Fv (scFv) or single-domain (V

H
 or V

L
) fragments 

display the specificity and affinity of antibodies.3 However, many 
promising intrabodies suffer from reduced cytoplasmic solubil-
ity,4 and are aggregation-prone due to the intracellular redox 
potential and macromolecular crowding.5-7 Such aggregation-
prone intrabodies may in fact exacerbate the proteostatic burden 
in proteinopathies such as Parkinson disease (PD). Currently, 

Intrabodies can be powerful reagents to effect modulation of aberrant intracellular proteins that underlie a range 
of diseases. However, their cytoplasmic solubility can be limiting. We previously reported that overall charge and 
hydrophilicity can be combined to provide initial estimates of intracellular solubility, and that charge engineering via 
fusion can alter solubility properties experimentally. Additional studies showed that fusion of a proteasome-targeting 
peSt motif to the anti-huntingtin intrabody scFv-C4 can degrade mutant huntingtin proteins by directing them to the 
proteasome, while also increasing the negative charge. We now validate the generality of this approach with intrabodies 
against α-synuclein (α-syn), an important target in parkinson disease. In this study, fusion of the peSt sequence to a set of 
four diverse, poorly soluble anti-α-syn intrabodies (D5e, 10H, D10 scFv, VH14 nanobody) significantly increased steady-
state soluble intrabody protein levels in all cases, despite fusion with the peSt proteasomal-targeting signal. Furthermore, 
adding this peSt motif to the least soluble construct, VH14, significantly enhanced degradation of the target protein, 
α-syn~GFp. the intrabody-peSt fusion approach thus has dual advantages of potentially solubilizing intrabodies and 
enhancing their functionality in parallel. empirical testing of intrabody-peSt fusions is recommended for enhancement 
of intrabody solubility from diverse sources.
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only a small fraction of intrabodies is intrinsically soluble in 
cytoplasm. Intrabody solubility is difficult to predict accurately, 
but overall negative charge at cytoplasmic pH plays an important 
role, with a contribution from reduced hydrophilicity. Both of 
these can be altered by acidification using highly charged pep-
tides, as shown with proof-of-concept fusion of 3xFLAG tag to 
an aggregation-prone scFv.5

Functionality of soluble intrabodies against toxic proteins can 
be improved by modifications that increase the probability of 
degradation of the pathogenic protein target. Proteins containing 
regions enriched in prolyl (P), glutamyl (E), aspartyl (D), seryl 
(S) and threonyl (T) residues (PEST regions) are targeted for 
accelerated proteasomal degradation, and typically have a short 
half life.8 The PEST motifs contain negatively charged residues,9 
and PEST fusions to small heterologous proteins may exert a 
strong effect on the net protein charge. Recently our lab showed 
that fusion of the C-terminal PEST motif of mouse ornithine 
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monomeric or oligomeric forms of α-syn from non-immune 
libraries.11-14 VH14 binds strongly to the non-amyloid component 
(NAC) of α-syn, shown previously to be critical for aggregation 
and toxicity.15,16 Human D10 scFv is pan-specific and can bind 
both monomeric and higher molecular weight forms of human 
α-syn. Human D5E and 10H scFv recognize oligomeric forms 
of α-syn.

Calculated physio-chemical properties of parent and fusion 
intrabodies. Isoelectric point, net charge and GRAVY were esti-
mated from the amino-acid sequence of each intrabody fused to 
an HA epitope tag (YPYDVPDYA) or HA-PEST tag (YPYDVP 
DYASHGFPPEVEEQDDGTLPMSCAQESGMDRHPAAC 
ASARINV), as outlined in Materials and Methods (Table 2).5 

The PEST fusion clearly increases the negative charge, and 
enhances the theoretical solubility of all four intrabodies. The 
algorithm PEST-FIND can be used to identify PEST motifs 
within a sequence. PEST-FIND scores range from -50 to +50. Plus 
scores are considered possible PEST regions; scores higher than 
+5 predict effective targeting functionality.8 The PEST sequence 
used in this investigation gives a PEST-FIND score of +5.16 
and thus is indicative of a moderately strong PEST sequence. 
Positively charged residues are excluded from functional PEST 
regions. As a scrambled control, we repositioned the PEST motif 
in such a way that positively charged residues were within the 
scrambled PEST region.10 The scrambled PEST (SCRPEST) 
therefore maintained the same net charge, but decreased the 
proteasomal targeting propensity of its fusion intrabody (PEST-
FIND calculated score of -2.41). The PEST-FIND scores, along 
with the net negative charge, predicted that the solubility of the 

decarboxylase (mODC; amino acids 422–461) to the anti-hun-
tingtin C4 scFv greatly reduced the level of mutant htt exon 1 
protein fragments compared with the parent intrabody.10 In this 
case, the scFv intrabody was already highly soluble, and the 
enhanced function appeared to be due to retargeting, although 
improved folding and enhanced solubility could also be contrib-
uting factors.

In the current study, we have broadened this bifunctional 
antibody engineering approach, examining the effects of mODC 
PEST fusion on four poorly soluble intrabodies selected against 
α-syn as potential PD therapeutics. We show that the increased 
negative charge on a series of structurally diverse anti-syn scFv 
and V

H
 intrabodies can increase their soluble expression, greatly 

improving functionality. This novel intrabody-PEST fusion 
technology may therefore be generally applicable, increasing 
intracellular solubility due to increased net negative charge with 
enhanced degradation of antigen-intrabody-PEST complexes by 
proteasomal targeting in numerous diseases.

Results

Sources and sequence comparisons of α-syn intrabodies. We 
characterized four intrabodies for their soluble expression in the 
cytoplasm. Three of these were human scFv intrabodies (D5E, 
10H and D10 scFv); and one was a human single-domain nano-
body (VH14). Basic characteristics and sources of the intrabodies 
are shown in Table 1. These intrabodies target the protein α-syn, 
which aggregates to form Lewy bodies that are major mark-
ers for PD pathology. These intrabodies were selected against 

Table 2. Calculated physico-chemical properties of parent and fusion intrabodies

scFv Antigen Fusion PI (Putnam/Scripps) Net Charge at pH 7.4 Gravy Score

D5e Amyloid oligomers HA 8.38 2.7 -0.37

D5e HA-peSt 6.53 -2.2 -0.403

D5e HA-SCR-peSt 6.53 -2.2 -0.403

D10 α-Syn monomers and oligomers HA 8.95 5.6 -0.263

D10 HA-peSt 7.66 0.6 -0.312

D10 HA-SCR-peSt 7.66 0.6 -0.312

10H α-Syn oligomers HA 5.69 -1.5 -0.275

10H HA-peSt 5.15 -6.5 -0.319

10H HA-SCR-peSt 5.15 -6.5 -0.319

VH14 α-Syn monomer HA 9.32 5.7 -0.399

VH14 HA-peSt 7.8 0.8 -0.442

VH14 HA-SCR-peSt 7.8 0.8 -0.442

Table 1. Sources and targets of α-syn intrabodies

Intrabody Type Target Reference Source

D5E Human scFv oligomeric α-syn emadi et al. 2007 tomlinson I and J antibody libraries

10H Human scFv oligomeric α-syn emadi et al. 2009 tomlinson I and J antibody libraries

D10 Human scFv pan-specific Zhou et al., 2004 Human scFv phage Griffin I library

VH14 
(NAC14)

Human 
Nanobody

Hydrophobic non-amyloid component 
(NAC) of α-synuclein, amino acids 53–95

Lynch et al. 2008 Human non-immune yeast surface display library
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about 5× with respect to that of intrabody alone. Figure 1C shows 
soluble expression of the more broadly interacting pan-specific 
intrabody scFv D10. The soluble level of D10 increased about  
9 and 8 fold with PEST and scrambled-PEST fusions respectively.

PEST and scrambled PEST intrabody 
proteins should be similar. Turnover 
of the intrabody or the intrabody-anti-
gen complex, however, may be differ-
ent, depending on the ability of PEST 
sequence in context to direct each 
antigen to the proteasome.

Data in Table 2 shows that fusion 
of PEST to intrabodies takes the net 
charge from strongly positive to much 
less positive for intrabodies VH14 and 
D10 scFv; from positive to negative for 
D5E scFv; and from negative to more 
negative for 10H scFv. These predic-
tions are in approximate agreement 
with the in situ experimental data 
below.

Fusion with PEST improves sol-
uble expression of α-syn intrabodies. 
In situ testing of steady-state levels of 
anti-α-syn-intrabody-PEST fusion 
constructs transiently transfected into 
the neuronal cell line ST14A was per-
formed using western blots. Controls 
included the scrambled PEST sequence 
that does not change the overall 
charge characteristics of the proteins. 
pcDNA3.1- (empty vector) served as a 
negative control. Soluble expression of 
the intrabodies was assayed in the pres-
ence and absence of the specific protea-
some inhibitor epoxomicin using HA 
staining, quantitated by densitometry 
normalized to actin.

In our previous publication, the 
anti-oligomeric D5 scFv was tested 
for proof of concept, using fusion to 
3xFLAG and NLS, which changed the 
calculated charge, and also improved 
solubility when tested in cells.5 The 
current version of this intrabody, D5E 
scFv, is a single substitution variant 
(E58Q, at the end of HCDR2) that is 
still significantly unstable. We there-
fore started this series of experiments 
testing soluble expression of par-
ent and fusion D5E scFv intrabodies  
(Fig. 1A). Fusions with PEST or 
SCRPEST significantly increased the 
levels of soluble protein.

To determine how uniform the 
solubilizing effect might be, two addi-
tional scFv intrabodies were tested in the same formats. Figure 1B 
shows soluble expression of a second anti-oligomeric intrabody, 
10H scFv, and its fusion variants. As was the case with D5E, solu-
ble expression of 10H-PEST and 10H-scrambled-PEST increased 

Figure 1. Intracytoplasmic soluble expression of intrabody-peSt and intrabody-SCRpeSt constructs 
is increased significantly with respect to intrabody alone. (A) D5e scFv, designated e; (B) 10H scFv, des-
ignated H; (C) D10 scFv, designated D; (D) VH14, designated V. St14A cells were transiently transfected 
with Intrabody-hemagglutinin (HA), Intrabody-HA-peSt or Intrabody-HA-SCRpeSt constructs. 48 h 
post-transfection, cells were harvested, cell lysates prepared, soluble protein separated and trans-
ferred on western blots. proteins were identified using anti-HA monoclonal antibodies, with actin as a 
loading control. proteins were quantified densitometrically and normalized to actin. Negative control 
lanes, empty vector only (pcDNA3.1-), were always blank. At least 3 independent experiments were 
performed and representative gels are illustrated. one-way ANoVA with Minitab statistical software 
was used to perform statistical significance. (*p < 0.05, **p < 0.01, compared with intrabody-HA).
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therapies. scFv antibodies or V
H
/V

L
 nanobodies delivered as 

intracellular antibody (intrabody) genes make ideal candidates 
for modulation of intracellular processes,21 but progress has been 
limited due to the problem of insolubility of these fragments in 
the complex, crowded, unfavorable redox environment of the 
cytoplasm. Intracellular proteins are cleared via proteasomes, 
lysosomes, or autophagosomes, each of which utilizes different 
mechanisms. Simply binding to an abnormal intracellular pro-
tein can alter the kinetics of misfolding, production of abnormal 
cleavage products, or extent of post-translational modification,1,22 
but, since even the strongest binding antibody is thermodynami-
cally reversible, toxic products of the target protein will accu-
mulate over time. In this study, we present data showing that 
for several different intrabody constructs, fusion with the pro-
teasomal targeting motif PEST can enhance the initial solubil-
ity of the intrabody, while increasing the turnover of the bound 
antigen, permanently reducing future availability for toxic forms.

We used this approach to fuse a C-terminal PEST region of 
mouse ornithine decarboxylase (mODC; amino acids 422–461) 
to intrabodies against proteins implicated in neurodegenera-
tion.10,23,24 PEST (proline, glutamic acid, serine and threonine) 
motifs are targeted to the proteasome for rapid turnover. The 
PEST region is also enriched in polar and negatively charged 
residues and thus capable of adding negative charge to the fused 
proteins. Our lab has previously shown that the soluble level of 
an aggregation-prone intrabody is correlated with the estimated 
protein charge and hydropathicity at physiological pH.5 Since the 
net negative charge at physiological pH correlates with increased 
soluble expression of intrabodies, we hypothesized that the PEST 
fusion intrabodies would show improved soluble expression. 
Our theoretical calculations of charge properties are in reason-
able agreement with the in situ solubilities, and both PEST and 
scrambled PEST protein constructs increased the soluble levels 
of the intrabodies significantly relative to the parent intrabody.

To approximate the fraction of the protein that was being 
degraded via the proteasome, we used the specific proteasomal 
inhibitor epoxomicin. This inhibition greatly increased soluble 
expression of all intrabody constructs. The increase in intrabody-
SCRPEST protein in the presence of epoxomicin might mean 
that the scrambled sequence has retained some PEST activity. It 
seems more likely, however, that some fraction of these proteins 
normally may be degraded by the proteasome, with PEST serving 
to increase the rate. Just as the PEST and scrambled PEST fusions 
influence the soluble expression of the intrabodies, it is possible 
that structure and sequence of intrabodies may influence how 
much and where the PEST and scrambled PEST fused intrabod-
ies may be degraded. This may explain why 10H scFv, which has 
a sequence and solubility that differ from the others in this series, 
also shows a smaller effect of the PEST and SCRPEST.

In contrast to previous studies23,25 where heterologous transfer 
of mODC-PEST to stable proteins such as GFP or Luciferase 
results in a significant reduction of intracellular half-life, the 
transfer of mODC-PEST degron to several of our intrabodies 
has not greatly reduced intracellular levels.10,26 It is critical to con-
sider the effect of the fusion on the steady-state level of intrabody 
protein because long half-life has been reported to be as or more 

In a yeast surface display library selection, the strongest 
binder to the critical hydrophobic interaction region (non-amy-
loid component; NAC) of α-syn was determined to be a single 
domain nanobody, VH14.17 As an unprotected heavy chain only 
intrabody, VH14 is extremely insoluble, and is prone to intra-
cellular aggregation.18 The PEST fusion was also able to rescue 
intracellular solubility for this construct (Fig. 1D).

Proteasome inhibition has similar effects on all α-syn 
intrabody-PEST fusion proteins. Epoxomicin was used to 
examine the extent to which turnover of the different con-
structs was proteasome-mediated. Levels of all proteins increased 
with this inhibitor; individual ratios of inhibitor:uninhibited 
values are tabulated below each bar (Fig. 2). Proteasome 
inhibitied:uninhibited ratios for D5E, D5E-PEST and D5E-
SCRPEST ranged from 25–48 (Fig. 2A), with a similar pat-
tern for D10 scFv and VH14 nanobody (Fig. 2C and D). The 
substantial increases in ratios in the presence of specific protea-
some inhibitor epoxomicin indicated that all three variants of 
these intrabodies, including some fraction of the least soluble, 
can be degraded by proteasome-mediated proteolysis under 
physiological conditions. For the initially more soluble 10H scFv 
constructs, protein levels also increased with inhibitor, but to a 
lesser extent relative to rest of the intrabodies tested (15 to 8 fold; 
Figure 2B). Proteasome inhibitor had a stronger effect on the 
intact PEST variants than on scrambled PEST variants of D5E, 
D10 and VH14, while these values were similar for10H scFv. All 
intrabody proteins were increased multifold by epoxomicin, indi-
cating that even without a physiologically functional PEST motif 
these intrabodies may be normally degraded by the proteasome 
to some extent.

PEST fusion can increase antigen clearance. Given that 
the PEST fusion did not lead to greatly enhanced turnover of 
the scFv and VH intrabody proteins, it was unclear whether 
the fusion could increase the turnover of the antigen targets. 
VH14 is the least soluble of our four constructs, and binds to 
the hydrophobic region thought to be critical to α-syn misfold-
ing and aggregation. To determine if PEST-fused intrabody can 
enhance the clearance of its target, and that the enhanced clear-
ance is not due only to the increased solubility, we transiently co-
transfected α-syn~GFP plasmid with the three VH14 variants. 
We then quantified the levels of synuclein~GFP monomer using 
anti-GFP antibody. Figure 3 shows that VH14-PEST reduced 
the synuclein~GFP significantly relative to control.

Discussion

Application of recombinant DNA methods have been used to 
engineer antibody molecules that retain the high specificity and 
affinity in single-chain Fv or single domain formats that will 
allow extensive engineering. This process is now well developed 
for multifunctional and antibody-drug conjugates used as cancer 
immunotherapies.19 There have also been notable breakthroughs 
in using engineered fragments that target infectious agents and 
toxins.20 There are obviously many critical intracellular targets 
in addition to those that are soluble or on cell surfaces, particu-
larly in neurodegenerative diseases that currently lack protective 
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Figure 2. Intracytoplasmic soluble expression of intrabody-peSt and intrabody-scrambled peSt constructs is increased significantly with respect to 
intrabody alone when treated with epoxomicin. (A) D5e scFv, designated e; (B) 10H scFv, designated H; (C) D10 scFv, designated D; (D) VH14, des-
ignated V. For all intrabodies, the level of soluble protein is significantly higher in epoxomicin treated cells compared with that of vehicle (DMSo) 
treated cells in Figure 1; Ratio of Figure 2 (+inhibitor) to Figure 1 (no inhibitor) values are shown at the bottom of each graph in Figure 2. Multiple 
fold increase is not apparent by just looking at the y axis scales of Figures 1 and 2 because multiple exposures were taken for each treatment. Actin 
was used as a control to evaluate protein levels across various exposures. St14A cells were transiently transfected with intrabody, intrabody-peSt or 
intrabody-scrambled-peSt constructs. twelve hours prior to harvest cells were treated with 9 μM epoxomicin and 48 h after the transfection cells were 
harvested, cell lysates prepared, soluble protein separated and run on western blots. proteins were identified using anti-HA, with actin as a loading 
control. proteins were quantified densitometrically and normalized to actin. Inhibitor and non-inhibitor lanes actin bands were used separately from 
different exposures to calculate ratios, using only non-saturated exposures. At least 3 independent experiments were performed and representative 
gels are illustrated. one-way ANoVA with Minitab statistical software was used to perform statistical significance. (*p < 0.05, **p < 0.01, compared with 
intrabody-HA).



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com mAbs 691

VHH intrabody against botulinum neurotoxin, a direct fusion 
with a targeted F-box sequence was able to enhance toxin turn-
over even at the low levels induced by the fusion.20 This F-box 
approach may require very high affinity, plus intrinsically soluble 
intrabodies, but is also worth considering for empirical testing.

The lack of instability of the fusion intrabodies in the absence 
of target, while accelerating clearance of antigen complexes such 
as huntingtin or α-syn, with variable turnover of the fusion 
intrabody itself, may be due to intrabody folding that partially 
buries the critical regions of the degron that have been described 
by Coffino and colleagues.28,29 One explanation consistent with 
these observations is that, upon binding of antigen, the pro-
teasomal targeting motif becomes available, and the complex 
migrates to the site of degradation. Given that proteins must 
further unfold in order to enter the proteasome, it is possible 
the antigen enters first, and that some of the intact intrabody 
is released. Alternatively, when the intrabody transiently disso-
ciates, proximity to the proteasome may favor degradation of 
antigen. Future structural studies will be necessary to explore 
detailed mechanisms.

Materials and Methods

Cell culture and transfection. ST14A is a rat striatal progeni-
tor cell line with high transfectability and many neuronal char-
acteristics.5 Cells maintain relatively constant morphology 
during passaging, which is a favorable characteristic to reduce 
variable effects of macromolecular crowding on soluble expres-
sion of the intrabody. ST14A cells were cultured according to 
the standard protocol, and were mycoplasma free.10 Cells were 
transiently transfected with intrabody plasmids using Jet PEI 
DNA transfection reagent (Polyplus Transfection Inc.) as previ-
ously described.10 Culture medium was changed 4 h after trans-
fection. Specific proteasome inhibitor epoxomicin (9 μM per 
well) or the vehicle DMSO were applied to the cells 12 h prior 
to the harvest.10 Cells were harvested 48 h post-transfection. To 
assay effects of the intrabody-PEST fusion on antigen turnover, 
α-syn~GFP plasmids, which use a (Gly

4
Ser)

4
 spacer to ensure 

individual folding of syn and GFP,3 were co-transfected with 
intrabody plasmids.

cDNA, previously described by Butler and Messer,10 encoding 
C4 scFv -HA [GenBank accession number EU 490426 for scFv-
C4; hemagglutinin (HA) epitope tag with amino acid sequence 
YPYDVPDYA to visualize intrabodies] and C4 scFv-HA-PEST 
(standard and scrambled from aas 422–461 mODC) was used 
to subclone the D10, 10H. D5E scFv, and VH14 single domain 
nanobody, with and without PEST or PEST scrambled, using 
XbaI, NotI and HindIII restriction sites with standard cloning 
techniques (XbaI NotI for intrabody; NotI, HindIII for HA or 
HA-PEST). The resulting product was ligated into pcDNA3.1- 
with the use of restriction sites XbaI and HindIII. All expressed 
plasmids were prepared using Endofree Plasmid Maxi kit by 
Qiagen, and were confirmed by DNA sequencing.

Cell fractionation, western blot and quantification. 
Transiently transfected ST14A cells and the medium were 
collected from 6 well culture plates by trypsinization and 

critical than affinity for intracellular function.22 Our lab recently 
showed that fusing the mODC PEST degron (aa 422–661) to 
the anti-huntingtin C4 scFv intrabody27,28 reduced the target 
mutant huntingtin exon 1 protein fragments by 80–90% relative 
to C4 scFv alone,10 but there was only a 25% decrease of C4 scFv-
PEST intrabody protein levels in either the presence or absence 
of antigen. This is a relatively modest decrease in level, and the 
clinical target in vivo (huntingtin) is known to be present only 
at low levels, suggesting that the fusion will enhance, rather than 
impair, clinical utility.

In the present study, a diverse set of anti-α-syn-PEST 
intrabodies do not appear to be significantly destabilized by the 
mODC PEST degron. In fact, given the intrinsic insolubility 
of the constructs in this study, the overall soluble expression is 
greatly increased. These data are in contrast to the data published 
on anti-β-galactosidase 13R4 scFv-PEST intrabody,26 where the 
mODC-PEST fusion rendered the intrabody-PEST protein itself 
unstable, and subsequent binding to its β-gal target stabilized 
the complex. We have now shown that 6 different intrabodies 
fused to the mODC-PEST degron do not result in a destabiliza-
tion of the intrabody-PEST fusion protein, although two of them 
do enhance the turnover of their monomeric targets. For α-syn, 
intrabody levels may be even more critical than for huntingtin, 
since the target protein is present at relatively high levels. The 
PEST fusion approach may therefore be critically improving clin-
ical functionality. Using an alternative approach for a camelid 

Figure 3. α-syn-GFp is degraded significantly in presence of VH14-peSt 
when compared with control (empty vector: pcDNA3.1- only treatment), 
VH14 or VH14-scrambled-peSt treated St14A cells. St14A cells were 
transiently co-transfected with α-syn-GFp and control or VH14 or VH14-
peSt or VH14-scrambled-peSt constructs. 48 h. post-transfection, cells 
were harvested, cell lysates prepared, soluble protein separated and 
run on western blots. proteins were identified using GFp antibody, and 
actin was used as a loading control. proteins were quantified densito-
metrically and normalized to actin. At least 6 independent experiments 
were performed. one-way ANoVA with Minitab statistical software was 
used to perform statistical significance. (*p < 0.05, **p < 0.01, compared 
with intrabody-HA).
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(www.scripps.edu/~cdputnam/protcalc) and the Protparam 
tool at the ExPASy proteomics server of the Swiss Institute of 
Bioinformatics were used to calculate physico-chemical param-
eters for different α-syn intrabody constructs, including isoelec-
tric point, net charge at physiological pH (7.4) and grand average 
of hydropathicity (GRAVY).5 Hydrophobic and hydrophilic 
properties of amino acids are used to formulate the hydropathy 
scale and GRAVY score indicates hydropathic nature of protein. 
PEST-FIND algorithm was used to calculate scores of PEST and 
scrambled PEST motifs.8,10

Accession numbers: Sequence data have been deposited in 
GenBank as follows: D10-AY550177; 10H-JX430806; VH14- 
JX430807; D5E-JX442980.

Conclusion

Our data clearly demonstrate that, while the details of the pre-
cise effects of PEST fusions on intrabodies are dependent upon 
the individual sequences, there is a high probability that fusion 
to PEST (or possibly similar negatively charged retargeting 
sequences) can dramatically improve solubility and functionality 
of intrabodies that are otherwise difficult to use intracellularly. 
Almost all promising intrabody constructs are thus worth testing 
empirically as PEST fusions in a relevant assay system.
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subsequent centrifugation. Cells were washed twice with 1× 
PBS. Soluble and insoluble proteins were extracted as previously 
described.10 Briefly, whole cell lysates were extracted at 4°C in 
30 μL/well RIPA lysis buffer (50 mM Tris pH 7.5, 150 mM 
NaCl, 1% NP40, 0.25% sodium deoxycholate, 0.1% SDS) with 
added complete protease inhibitor cocktail (Roche). Soluble 
and insoluble proteins were separated by microcentrifugation 
at 13000 rpm for 15 min, 4°C. Biorad RC-DC protein assay kit 
(Bio-Rad laboratories) was used to quantify soluble protein in 
the supernatant. 5× denaturing sample buffer (125 mM Tris, 
4% SDS, 20% glycerol, 5% 2-mercaptoethanol, 0.02% bro-
mophenol blue, pH 6.8) was used to make 1 mg/ml protein 
containing soluble lysates. The lysates were boiled at 95°C for 
5 min prior to loading on the gels. Fifteen μg soluble protein 
was resolved by SDS-PAGE and transferred onto PVDF mem-
branes (PerkinElmer) at 24 V for 30 min. HA tagged intrabod-
ies were probed with monoclonal anti-HA (1:3000, Covance) 
and monoclonal anti-actin (as a loading control, 1:2000, Sigma) 
primary antibodies. HRP-conjugated goat anti-mouse IgG sec-
ondary antibody was used (1:2000, Santa Cruz Biotechnology) 
to label the proteins, which were then detected by ECL kit 
(PerkinElmer). GFP rabbit antibody (Cell Signaling 1:1000) 
was used to probe α-syn~GFP, with HRP-conjugated goat anti-
rabbit secondary. Bands were quantified using densitometry and 
normalized with actin. Soluble expression of intrabody con-
structs in presence and absence of selective proteasome inhibi-
tor epoxomicin was ascertained using western blots. ImageJ 
densitometry software (http://rsb.info.nih.gov/ij/) was used 
to quantify soluble proteins. Multiple exposures were taken to 
quantitate the protein levels from unsaturated bands in pres-
ence and absence of proteasome inhibitor, all normalized within 
lanes.

Statistical analysis was performed by one-way ANOVA with 
Minitab or Statview statistical software. All assays represent at 
least three independent replications.

Physico-chemical parameters. Protein Calculator v3.3, the 
tool developed by Chris Putnam at the Scripps Research Institute 
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