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Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) technology is a widely used
immunoassay that enables high-throughput quantitative measurements of proteins of interest. One of the
well established examples is the TR-FRET assay for mutant huntingtin protein (HTT), which is the major
cause of the neurodegenerative Huntington’s disease (HD). To measure the mutant HTT protein, the
published assays utilize a polyQ antibody, MW1, paired with HTT N-terminal antibodies. MW1 has much
higher apparent affinity to mutant HTT with expanded polyQ stretch than to wild-type HTT with shorter
polyQ, and thus the assays detect mutant HTT preferentially. Here we report a reversible temperature
dependent change of TR-FRET signals for HTT N-terminal fragments: the signals become higher when the
temperature is lowered from room temperature to 46C. Interestingly, the temperature sensitivity of the
TR-FRET signals is much higher for the Q25 (wild-type) than for the Q72 (mutant) protein. We further
revealed that it is likely due to a temperature and polyQ length-dependent structural or spatial change of
HTT, which is potentially useful for understanding polyQ structure and toxicity.

H
igh-throughput quantitative measurements of protein levels enable scientists to screen for genetic modi-
fiers or drugs that regulate the abundance of the proteins of interest, and thus are desired for both basic and
translational research. One of the most widely used technology developed for such purposes is the Time

Resolved-Fluorescence Resonance Energy Transfer (TR-FRET)1,2. FRET is based on the transfer of energy
between two fluorophores in close proximity (5 , 9 nm), referred to as a donor and an acceptor. Excitation
of the donor by an energy source triggers an energy transfer towards the acceptor, which in turn emits specific
fluorescence at a given wavelength. Traditional FRET signals are influenced by background fluorescence from
sample components, which is extremely transient and thus can be eliminated using time-resolved methodologies
(Fig. 1a). TR-FRET uses a rare earth complex as the donor, which gives long-lived fluorescence signals peak at
615 nm upon excitation by an energy pulse. As a result, TR-FRET acceptors emit long-lived fluorescence peak at
665 nm only when engaged in a FRET process. Thus, a time delay of approximately 50 to 150 ms between the
system excitation and fluorescence measurement could be introduced to eliminate non-specific short-lived
emissions (Fig. 1a). By using the acceptor conjugated and the donor conjugated antibodies targeting the same
protein, the TR-FRET signals are generated only when the two antibodies bind with the same protein molecule.
As a result, the TR-FRET signals are in proportion to the target protein concentration and could be used to
quantify its level (Fig. 1). The technology has been successfully applied to the measurement of the mutant
huntingtin protein (HTT)3,4, which has a polyQ length longer than 36 and causes of the neurodegenerative
Huntington’s disease (HD)5.

To measure mutant HTT proteins, the published assays use a polyQ antibody, MW16, as the acceptor con-
jugated antibody. MW1 has much higher apparent affinity to longer polyQ than shorter polyQ, and thus
preferentially detects mutant HTT proteins7–9 (Fig. 1b). As a result, when utilizing MW1 as the acceptor antibody,
it could be paired with other HTT antibodies (such as 2B7 and 4C9, Fig. 1b) to preferentially detect mutant HTT
proteins over wild-type HTT proteins4.

HTT N-terminal fragments, such as the HTT-exon1 fragments, are present in HD patients due to HTT protein
cleavage or splicing10,11. These fragments have been widely used to model the disease in both animal and cellular
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models12,13. As a result, measuring HTT-exon1 protein levels by TR-
FRET is of potential interest in screening in such models.

When measuring HTT-exon1 levels by TR-FRET at the room
temperature, the signals from Q72 are much higher than Q25 as
expected. Surprisingly, the Q25 signals become very close or even
higher than Q72 signals when the assays are performed around 4uC,
contradictory to the expected higher apparent affinity of MW1 to the
longer polyQ stretch. In other words, the Q25 signals increase much
more than Q72 when the temperature is lowered to 4uC. We further
investigated this and determined that it is likely due to a temperature-
dependent and polyQ length-dependent conformational change of
HTT proteins.

Results
HTT TR-FRET signals are influenced by the temperature in a
reversible manner. To measure the HTT-exon1 protein levels, we
transiently transfected HTT-exon1 Q25 or Q72 expression vector
into the HEK293T cells and detected protein expression by
Western-blots (5 mg/lane). The abundance of Q25 protein looks
similar to Q72 in the protein lysates from the transfected cells
(Fig. 2a) detected by the antibody 2B7, which targets the N-
terminus of HTT-exon1 proteins3. As expected, the MW1 detected
signals are much weaker for lysates from Q25 transfected cells
(Fig. 2b), because MW1 is a polyQ antibody6, which has lower
apparent affinity to the shorter polyQ stretch in Q25. In addition,
heating the samples at 37uC for 1 hour does not seem to change the
Western-blot signals (Fig. 2a–b); suggesting no raw abundance
change of these proteins. The Western-blot was performed under
denaturing conditions, and thus the band intensities may not reflect
all the possible structural changes that may have occurred in the cells.

We then measured the HTT-exon1 Q25 and Q72 protein levels in
the same lysates or their biological replicates by TR-FRET. By util-
izing the 2B7/MW1 and 4C9/MW1 antibody pairs3,14,15, we are able
to detect the HTT-exon1 Q25 and Q72 signals (Fig. 2c–e). These

antibody pairs essentially detect only HTT monomers as previously
suggested15. Given that the HEK293T expresses endogenous full
length wild-type proteins, we utilized the lysates from non-
transfected cells as a background control (Fig. 2c–e). After adding
the antibodies, we incubated the plate at room temperature (RT,
,22uC) for 2 hours and then measured the TR-FRET signals
(Fig. 2c, RT-1). We then put the plate back to the fridge and incu-
bated it at 4uC for another hour and measured the TR-FRET signals
immediately after getting the plate out from the fridge (Fig. 2c, 4C-1)
when the plate was still cold. The TR-FRET signals increased under
this condition for both Q72 and Q25 proteins (Fig. 2c). We then
repeated the temperature shift a few times and observed the same
changes in subsequent cycles (Fig. 2c, RT-2, 4C-2 and RT-3). The
phenomenon is not present in the non-transfected lysates, because
the endogenous full length HTT protein is below the detection limit
at the lysate concentrations (Fig. 2c–e) that we tested. Consistent
with this, the TR-FRET ratio of non-transfected samples are similar
as the no protein lysis buffer controls (,0.15).

The temperature sensitivity of HTT-exon1 Q25 signals is much
higher than Q72 signals. The increase of TR-FRET signals at 4uC
suggests a negative correlation between the TR-FRET signals and the
temperature. Consistent with this, the signals at 37uC is reduced
compared to the RT and 4uC (Fig. 2d–e&3a), while the major
change occurs between 4uC and RT.

Interestingly, there is an obvious difference in temperature sens-
itivity of the signals from HTT-exon1 Q25 versus Q72. The fold
increase of Q25 signals at 4uC compared to room temperature is
much larger than the increase of Q72 signals by the 2B7/MW1 (fold
increase: 4.05 6 0.15 versus 0.86 6 0.11, P , 0.0001, t 5 17.2) or
4C9/MW1 (fold increase: 7.19 6 0.26 versus 1.48 6 0.15, P , 0.0001,
t 5 19.0) antibody pair (Fig. 3a). This results in a ‘‘flip’’ of the
relationship between the Q72 and Q25 signals at 4uC compared to
RT, i.e. the Q25 signals at 4uC are higher than Q72 signals (Fig. 2c–d),

Figure 1 | Principles of TR-FRET measurement of the protein level. (a) Left: binding of two antibodies to the same protein molecule allow sufficient

spatial proximity that enables fluorescence resonance energy transfer (FRET) between the donor and acceptor fluorophores conjugated to the antibodies.

The signal is in proportion to the target protein level under tested experimental conditions. Right: the excitation light of TR-FRET experiments is given as

1-ms pulses, and thus the background fluorescence from the media or the acceptor decay rapidly, whereas the fluorescence from the donor last for

hundreds of ms, due to the unique property of the donor fluorophore made from lanthanides. When FRET occurs, the acceptor fluorescence lasts longer as

well, due to the sustained energy transfer from the donor. A time window could then be selected to measure the FRET dependent signals, which are further

calculated by the ratio between the intensity at 665 nm and the one at 615 nm to eliminate the influence from antibody-loading variations, etc.

(b) A schematic picture of the epitopes targeted by the different antibodies used in this study.
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contradictory to the fact that the polyQ antibody MW1 has much
higher apparent affinity to Q72 than Q256,16 (Fig. 2b). This phenom-
enon is out of expectation and is caused by a much higher temper-
ature sensitivity of the TR-FRET signals of Q25 than the ones of Q72
between 4uC and RT (Fig. 3a). While the ‘‘flip’’ may not occur at all
the different protein concentrations, the temperature sensitivity of
the TR-FRET signals of Q25 is larger than the ones of Q72 at all the
concentrations tested, including the saturation concentrations
(Fig. 2d, Fig. 3c&Fig. 4b). There are several potential explanations
for the observed higher temperature sensitivity of the Q25 TR-FRET
signals, and are discussed as follows.

Higher temperature sensitivity of HTT-exon1 Q25 is not due to
signals coming from proteins other than HTT. One potential
explanation is that the increased signal of Q25 at 4uC comes from
another protein X. Given that there is no obvious increase of the non-
transfected samples and the increase in HTT-exon1 Q72 is much
smaller (Fig. 3a), the protein X has to be induced by HTT-exon1 Q25
transfection specifically, sensitive to temperature, and detected by
both the 2B7/MW1 and 4C9/MW1 TR-FRET antibody pairs. If

this is true, both 2B7 and 4C9 antibody should bind with protein X
in the lysate, and thus the 2B7/4C9 antibody pair should exhibit a
similar phenomenon, i.e. the temperature sensitivity of 2B7/4C9
signals should be much higher for Q25 than Q72. Measuring
HTT-exon1 proteins by the 2B7/4C9 antibody pair gives HTT-
dependent signals (Fig. 3b), suggesting that the assay is able to
detect HTT proteins. Meanwhile, the temperature sensitivity of the
2B7/4C9 signals is similar between Q25 and Q72 (Fig. 3a–b; fold
increase: 0.10 6 0.05 versus 0.07 6 0.04, P 5 0.63, t 5 0.48), and
much smaller than the temperature sensitivity of Q25 when using
2B7/MW1 or 4C9/MW1 antibodies. Thus, it is unlikely that the
different temperature sensitivity is caused by the involvement of
other proteins.

To further exclude the possibility of involvement of other pro-
teins, we tested purified recombinant proteins of the HTT N-
terminal fragments, including the HTT-573 fragments (with the
first 573 amino acids of HTT4) and the N-terminal MBP tagged
HTT-exon1 fragments. We observed a higher temperature sens-
itivity of the signals from Q25 than the ones from Q72 as well
(Fig. 3c&Fig. 4b), suggesting that the difference in temperature

Figure 2 | Different temperature sensitivities of TR-FRET signals of HTT-exon1 proteins. (a) The Western-blot of HTT-exon1 Q72 and Q25, using

HTT N-terminal antibody 2B7. (b) The Western-blot using the polyQ antibody MW1 for the same lysates used in (a). (c) 2B7/MW1 TR-FRET signals of

the lysates from the transfected cells at 4uC (4C) and room temperature (RT, 22uC). Data plotted as average 6 s.e.m. (n 5 3). (d) 4C9/MW1 TR-FRET

signals of the lysates from the transfected cells at 4uC (4C), room temperature (RT, 22uC), and 37uC (37C). Data plotted as average 6 s.e.m. (n 5 3).

(e) Upper panels: 2B7/MW1 TR-FRET signals of the Q72 (left) and Q25 (right) HTT-exon1 transfected samples at different concentrations (mg/well).

Note that the signal plateau has been reached. The lower panel: the ratio between 4C and RT for Q72 and Q25 samples at different concentrations

(mg/well). Data plotted as average 6 s.e.m. (n 5 4).
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sensitivity is not due to proteins other than the HTT proteins per
se.

The Higher temperature sensitivity of HTT-exon1 Q25 is not due
to the changes of the raw abundance of the HTT-exon1 proteins.
As discussed above, the signals should come from the transfected
HTT-exon1 proteins per se. If this is the case, the change of the signals
could be explained by the change of the raw abundance of the HTT-
exon1 proteins. Given that the changes in TR-FRET signals are
almost completely reversible (Fig. 2c–d), both protein degradation
and protein synthesis have to been involved, as neither one of them
can reverse the effect of itself. In our experiments, we are measuring
the TR-FRET signals in the protein lysates with nuclei and organelle
fractions discarded, and thus the lysates are not capable of synthe-
sizing new proteins. In addition, we have also added protease
inhibitors to block protein degradation. Furthermore, based on
Western-blots, we do not observe any decrease of Q25 or Q72
proteins by heating the lysates at 37uC for 1 hour (Fig. 2a–b).
Thus, it is highly unlikely that the observed phenomenon is due to
the raw abundance changes of the HTT proteins.

To further prove this, we treated the lysates with RNase A to stop
all the new protein syntheses, and observed no inhibition on the

temperature sensitivity of Q25 signals (Fig. 3d), confirming that
the observed phenomenon is not due to HTT protein level changes.
Finally, the recombinant proteins purified from Escherichia coli. bac-
terial cultures showed similar phenomenon (Fig. 3c&Fig. 4d), con-
firming that the observed phenomenon is irrelevant to new protein
synthesis or degradation.

Higher temperature sensitivity of HTT-exon1 Q25 is likely due to
conformational and solubility changes of the HTT-exon1
proteins. Besides the HTT-exon1 protein levels, two other major
factors that may change TR-FRET signals are the solubility and con-
formation. It is a tautology that conformation and solubility are likely
to inter-connected, and thus it is likely that both of them play a role in
the temperature sensitivity of the TR-FRET signals. For example, the
saturation concentration of HTT-exon1 fragments increases at lower
temperatures, and the degree of increase is polyQ-dependent17. The
changes in solubility may alter antibody binding affinities as well as
the HTT conformation, causing the difference in TR-FRET signals.
Similarly, Williamson et al. proposed that ‘‘the degree of intermole-
cular association increases with increasing polyQ length’’ based on
their simulation data18. If this is true and the intermolecular
association is temperature sensitive between 4uC and the room

Figure 3 | Higher temperature sensitivity of the Q25 TR-FRET signal is not due to other proteins or HTT protein level changes. (a) Temperature

sensitivity of the TR-FRET signals of Q25 versus Q72 HTT-exon1 proteins (125 ng/well) using 2B7/MW1, 4C9/MW1, and 2B7/4C9 TR-FRET antibody

pairs. All signals (4uC (4C), room temperature (RT, 22uC), and 37uC (37C)) are normalized to the averaged signal at room temperature (RT) for each

protein, n 5 9, data plotted as average 6 s.e.m. (b) 2B7/4C9 TR-FRET signals of the Q72, Q25 HTT-exon1 transfected samples or the non-transfected

samples at 4uC (4uC), room temperature (RT), or 37uC (37C). (c) TR-FRET signals of the purified recombinant HTT-573 proteins with different polyQ

length (Q25, Q46, Q75) at 4uC (4C) or room temperature (RT). Note that the temperature sensitivity is dependent on the polyQ length: Q25 . Q46 .

Q72; n 5 4, data plotted as average 6 s.e.m. (d) TR-FRET signals of Q25 or Q72 transfected lysates, treated with or without RNase A. n 5 3, data plotted as

average 6 s.e.m.
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temperature, it may offer an explanation for temperature and polyQ
dependent change of the TR-FRET signals. However, based on this
study, the intermolecular association is expected to increase at lower
temperatures, and thus likely to decrease the MW1 based TR-FRET
signals, contradictory to our observation. In addition, ‘‘the degree of
intermolecular association increases with increasing polyQ length’’18,
and thus TR-FRET signal changes caused by intermolecular asso-
ciation are expected to be larger in Q72 than in Q25, which is also
different from our observation. Thus, it is difficult to explain our
observations by intermolecular association alone. Williamson et al.
also presented simulation data showing a temperature- and polyQ
length- dependent conformational change between 298 K and
315 K. If similar changes occur at the lower temperature range, it
may lead to the TR-FRET signal changes that we have observed.

In order to test if conformational changes play a role in the higher
temperature sensitivity of HTT-exon1 Q25 than Q72, we performed
circular dichroism (CD) experiments using purified recombinant
proteins. We have successfully cloned, expressed and purified
MBP tagged HTT-exon1 proteins (Fig. 4a). Same as the tag-free
proteins, the temperature sensitivity of 2B7/MW1 TR-FRET signal

is still much higher for MBP-Q25 than MBP-Q72 (Fig. 4b), con-
firming that these proteins can be used to probe potential causes of
the temperature sensitivity. The UV-CD data of MBP-Q25 and
MBP-Q72 at 4uC and 37uC were then collected (Fig. 4c). It is notice-
able that the shape of the Q25 CD curve exhibits an obvious change
(Fig. 4c, red versus pink) when temperature changes, whereas the
shape of the Q72 curve remains essentially unchanged (Fig. 4c, blue
versus green). The secondary structure contents were further ana-
lyzed using the linear regression method developed by Chang
et al.19, which was integrated into the DICROPROT program
(Fig. 4d). Between 4uC and 37uC, while the a-helix, b-turn and
random coil contents have little change, there is a substantial reduc-
tion of the b-sheet content of Q25 (from 0.21 to 0.12, decreased
43%). This change is much milder in Q72 (from 0.09 to 0.08;
decreased 11%). These results provide a possible explanation of
the temperature sensitivity of the TR-FRET signals: the secondary
structure (especially the b-sheet) is disturbed when the temperature
increases, and this conformational change is much more substantial
in Q25, leading to much higher temperature sensitivity of the Q25
TR-FRET signals.

Figure 4 | Conformational analyses of purified recombinant HTT-exon1 proteins. (a) SDS-PAGE analysis of the expression and purification of

recombinant MBP tagged HTT-exon1 fusion proteins. Lane 1–3, MBP-Q25, lane 4–6, MBP-Q72. Lane M, the protein molecular weight marker; lane 1

and 4, the supernatants loaded on Ni-NTA column; lane 2 and 5, the eluates of Ni-NTA chromatography; lane 3 and lane 6, the eluates of Superdex 200

size exclusive chromatography for TR-FRET and CD analysis. (b) 2B7/MW1 TR-FRET signals of HTT-exon1 proteins at 4uC and room temperature.

Note that the temperature sensitivity is much higher for Q25 than Q72. (c) CD data for the MBP-Q25 and MBP-Q72 at 4uC and 37uC. Red line: MBP-Q25

at 4uC, pink line: MBP-Q25 at 37uC, green line: MBP-Q72 at 4uC, and blue line: MBP-Q72 at 37uC. (d) Estimated secondary structure contents of MBP-

Q25 and MBP-Q72 at 4uC and 37uC by the linear regression method.
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The higher temperature sensitivity is observed by the 2B7/MW1
antibody pair (Fig. 2c), and thus if the observed temperature sens-
itivity is due to conformational changes, either the 2B7 binding epi-
tope at the N-terminus, or the MW1 binding epitope in the polyQ
stretch, or both, undergo(es) temperature-dependent conforma-
tional changes. If the conformational change in the N-terminus is
the major cause, the phenomenon should be observed by 2B7 paired
with other antibodies such as 4C9. The 2B7/4C9 signals however, do
not show a higher temperature sensitivity for Q25 than Q72 (Fig. 3a),
contradictory to this expectation; suggesting that the phenomenon is
unlikely to be due to changes in N-terminus of HTT-exon1 Q25. To
further prove this, we have generated a number of point mutations
for HTT-exon1 at the N-terminus (Fig. 5a), which are likely to influ-
ence the N-terminus structure, as proved by substantial difference in
the affinity to the HTT N-terminal antibody 2B7 (Fig. 5a, Western-
blots performed for lysates exacted at 4uC). While they have different
N-terminal structures, all of them showed the same phenomenon
when tested by 4C9/MW1 TR-FRET, and exhibited higher temper-
ature sensitivity in Q25 than Q72 (Fig. 5b); suggesting that the phe-
nomenon is not due to the N-terminus.

The above evidence suggests a possible temperature-dependent
change of the antibody affinity or accessibility of the polyQ stretch,
and the change needs to be different between Q25 and Q72. We then
examined if this is a unique property of the polyQ antibody MW1.
We thus tested the same lysates with 2B7-Terbium paired with D2
labeled 3B5H10, another polyQ antibody7. Similar phenomenon
(Fig. 5c; fold increase: 3.95 6 0.09 for Q25 versus 0.62 6 0.10 for
Q72, P , 0.0001, t 5 24.7) has been observed with the 2B7/3B5H10
antibody pair; suggesting that the phenomenon is not due to a

temperature dependent change of the antibody MW1, but is more
likely due to a structural or spatial change of the polyQ stretch per se,
which could influence the binding of polyQ antibodies other than
MW1.

Taken together, we speculate that the polyQ stretch itself undergoes
a polyQ length-dependent structural or spatial change at 4uC, which
results in a larger increase of affinity or accessibility of Q25 to the
polyQ antibodies such as MW1 and 3B5H10 (Fig. 1). This change is
polyQ length dependent and much milder for Q72 proteins (Fig. 2–5).
The phenomenon reveals interesting and novel length-dependent and
temperature-dependent properties of polyQ that could potentially
contribute to understanding its conformation as well as its struc-
tural-toxicity relationship. On the other hand, conformation and
solubility are likely inter-connected, and it is likely that the degree
of supersaturation20 changes at different temperatures17, and contri-
butes to the temperature sensitivity of the TR-FRET signal as well.

Discussion
In summary, we have discovered that a polyQ length-dependent
temperature sensitivity of TR-FRET signals for HTT-exon1 proteins.
Based on our analysis above, the sensitivity is likely due to a structural
or spatial change of the polyQ stretch at 4uC. Consistent with this, the
mutant HTT-exon1 has been reported to have altered conformation
and toxicity at 4uC compared to higher temperatures21. Interestingly,
much higher temperature sensitivity has been observed for HTT-
exon1 Q25 than Q72; suggesting substantial difference in the struc-
tural or spatial change of short versus long polyQ.

The discovery reminds scientists in the field about the importance
of temperatures in TR-FRET experiments and potentially other

Figure 5 | Higher temperature sensitivity of the Q25 TR-FRET signal is due to structural or spatial changes of HTT polyQ. (a) Western-blots of

HEK293T cells transfected with different HTT-exon1 Q25 and Q72 constructs with point mutations as indicated. The last lane on each blot is from non-

transfected HEK293T lysate. (b) Temperature sensitivity of the 4C9/MW1 TR-FRET signals. All signals are normalized to the signal at room temperature

(RT), n 5 3. Q25 has higher temperature sensitivity for all the HTT-exon1 constructs with or without point mutations. (c) Temperature sensitivity of the

2B7/3B5H10 TR-FRET signals for Q25 and Q72. All signals are normalized to the signal at room temperature (RT), n 5 6. Between 4uC and RT, Q25 has

higher temperature sensitivity than Q72.
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immunoassays. It also opens up possibilities of utilizing the techno-
logy for detecting conformational changes, as well as distinguishing
short polyQ versus long polyQ proteins -- high temperature sens-
itivity of anti-polyQ antibody based TR-FRET signals may suggest
presence of short polyQ proteins, whereas low temperature sensitiv-
ity may suggest presence of long polyQ proteins. This might be
especially useful for clinical samples when the loadings are very
difficult to control. This observation could also be potentially utilized
for screenings of modifiers of mutant HTT conformation. More
detailed structural biology experiments are needed to reveal the
structural or spatial change of polyQ at different temperatures before
such purposes could be achieved.

Methods
Plasmid constructs. The human HTT exon1-constructs (Q72 and Q25) were
synthesized by Genewiz Inc. and gateway cloned into the pcDNA/Dest40
plasmids (Life Technologies, # 12274-015). The QuickChangeH Site-Directed
Mutagenesis Kit (Agilent Technologies, #200518) was used to generate the point
mutation constructs, and the complete sequences of plasmids have been
validated.

Cell culture and transfection. The HEK293T cells were all cultured in DMEM (Life
Technologies, #11965) with 10% FBS (Life Technologies, # 10082-147) and
maintained at 37uC incubator with 5% CO2.

Transfection was performed with lipofectamine2000 (Life Technologies,
#11668019) using standard forward transfection protocol provided by the man-
ufacturer. The cells were then placed back to the tissue culture incubator and incu-
bated for 48 hours before collection and lysis (see below).

Cell lysis and Western-blots. The cell pellets were collected and lysed on ice for 30
minutes in PBS 1 1% Triton X-100 1 1X complete protease inhibitor (Roche,
#05892988001), sonicated for 10 seconds, and spun at .20,000 g at 4uC for 10
minutes to remove the nuclei and large cellular organelles. The supernatants were
then loaded and transferred onto nitrocellulose membranes for Western-blots.

The HTT antibodies 2B7 and 4C922 and the polyQ antibody MW16 have been
described previously. Anti-b-Tubulin was purchased from Abcam (#ab6046).
Purified recombinant proteins were obtained from Drs. James Palacino and Andreas
Weiss at Novartis and were published previously4.

Time-resolved fluorescence resonance energy transfer (TR-FRET) assay. The
HTRF assays were performed similarly as previously described3,13. Antibodies
targeting HTT were custom-labeled by Cisbio Inc. for detection of HTT protein levels.
The labeled antibody pairs were then diluted in the TR-FRET buffer: NaH2PO4

(50 mM) pH 7.4, NaF (400 mM), BSA (0.1 %), Tween-20 (0.05 %), 1% Triton X-100
and 1% EDTA-free protease inhibitor (Calbiochem, #539134). The antibody pairs in
the HTRF buffer (6 ml) were added to the bulk lysates (9 ml) in each well of the 384
well plates. For all the experiments, protein concentrations (by BCA, Pierce, #23225)
were measured to calculate the loading in each well. The donor antibodies (written
before ‘‘/’’ in all the antibody pairs mentioned in the text) were all labeled with
Terbium cryptate, whereas the acceptor antibodies (written after ‘‘/’’) were labeled
with D2. For all the antibody pairs used for this study, the donor antibody
concentration was 0.023 ng/ml and the acceptor antibody concentration was
1.4 ng/ml in the TR-FRET buffer.

The signal ratios between 665 nm and 615 nm have been calculated as the raw TR-
FRET signals. The signals could be further linearly transformed by background
subtraction and normalization. Given that it is a linear transformation that is the same
for both the Q72 and Q25 samples in the same experiments, the transformation will
not affect any observations made in this study.

Cloning, expression and purification of the MBP tagged proteins. The
recombinant fusion proteins MBP-Q25 and MBP-Q75 were constructed using a
modified pMal-c2X vector with poly-His tag. The positive clones were transformed
into BL21 (DE3) cells for expression. The cells were grown in 37uC shaker (240 rpm)
to OD (600 nm) of 1.0. 1 mM IPTG was then added and the cells were cooled down to
12uC for an additional 20 hrs. The collected cells were lysed by sonication. After
centrifugation at 20,000 3 g for 20 minutes, the supernatant were first purified by Ni-
NTA Superflow column. The Ni-NTA eluates were further concentrated by
ultrafiltration and purified by size exclusive column Superdex 200 (buffer system:
10 mM NaH2PO4/Na2HPO4, pH 7.4). The whole process was analyzed by SDS-
PAGE (Fig. 4a) and Western-blot (not shown). The calculated molecular weights of
recombinant MBP-Q25 and MBP-Q72 were 58253.4 Da and 64275.5 Da,
respectively.

Circular dichroism (CD) analysis. CD spectra were scanned at the far-UV range
(190–250 nm) with a CD spectrometer (Model: MOS-450, Bio-Logic Science
Instruments) in a 10-mm-pathlength quartz CD cuvette at 4uC and 37uC. The protein
concentrations for the CD analysis were 94.5 mg/ml (MBP-Q25) and 104.2 mg/ml
(MBP-Q72), respectively. The recombinant proteins were dissolved in 10 mM

NaH2PO4/Na2HPO4 buffer (pH 7.4). Three scans were averaged to obtain one
spectrum. The CD results were expressed in terms of mean molar ellipticity [h]
(degrees?cm2?dmol21) plotted against the wavelength. The collected data were then
analyzed by DICROPROT software23 and the estimation of the secondary structure
was done by the linear regression method developed by Chang et al.19 and integrated
into the DICROPROT program.

Statistics. All the numeric data are plotted as average 6 s.e.m. Two-tail Student’s t
test has been used for P value and t value calculations.
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