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Abstract

We have experimentally studied the fluorescence resonance energy transfer (FRET) between green
fluorescent protein (GFP) molecules by inserting folded or intrinsically unstructured proteins between
CyPet and Ypet. We discovered that most of the enhanced FRET signal previously reported for this pair
was due to enhanced dimerization, so we engineered a monomerizing mutation into each. An insert
containing a single fibronectin type III domain (3.7 nm end-to-end) gave a moderate FRET signal while
a two-domain insert (7.0 nm) gave no FRET. We then tested unstructured proteins of various lengths,
including the charged-plus-PQ domain of ZipA, the tail domain of a-adducin, and the C-terminal tail
domain of FtsZ. The structures of these FRET constructs were also studied by electron microscopy and
sedimentation. A 12 amino acid linker and the N-terminal 33 amino acids of the charged domain of the
ZipA gave strong FRET signals. The C-terminal 33 amino acids of the PQ domain of the ZipA and
several unstructured proteins with 66—68 amino acids gave moderate FRET signals. The 150 amino acid
charged-plus-PQ construct gave a barely detectable FRET signal. FRET efficiency was calculated from
the decreased donor emission to estimate the distance between donor and acceptor. The donor—acceptor
distance varied for unstructured inserts of the same length, suggesting that they had variable stiffness
(persistence length). We conclude that GFP-based FRET can be useful for studying intrinsically
unstructured proteins, and we present a range of calibrated protein inserts to experimentally determine
the distances that can be studied.
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Fluorescence resonance energy transfer (FRET) has been
developed as a powerful method for biochemical and
biological studies. FRET can only occur when the donor
and acceptor fluorophores are close to each other (in the
range of from 1 to 10 nm, depending on the fluorophore
combination). In addition to the donor—acceptor distance,
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the orientation of the two fluorophores influences the
FRET signal (Wu and Brand 1994; Tsien 1998). Con-
formational changes within proteins or protein—protein
interactions can be monitored in solution and in living
cells. Recent advances in GFP (green fluorescent protein)
technology have increased the usefulness of FRET,
especially in vivo. For example, GFP-based FRET has
been used as a proteolysis indicator (Heim and Tsien
1996; Mitra et al. 1996; Xu et al. 1998), a Ca’* sensor
(Miyawaki et al. 1997; Persechini et al. 1997), and a cAMP
sensor (Zaccolo et al. 2000). Many GFP-based FRET
studies have been published and novel GFP variants for
FRET are still being developed (Nagai et al. 2002; Nguyen
and Daugherty 2005; Ai et al. 2006).

The Forster distances, at which the transfer efficiency
is 50%, have been estimated theoretically for various
GFP-based FRET pairs (Patterson et al. 2000), but these
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have only recently been tested experimentally by insert-
ing proteins with a range of known sizes between the
GFPs. Evers et al. (2006) designed various lengths of
flexible peptide linkers to insert between two GFPs, and
compared the observed FRET signal with a computer-
modeled estimate.

Until recently, intrinsically unstructured proteins or
domains have been considered to be merely flexible linkers.
However, a number of reports have shown that unstructured
proteins can have important biological functions when
they interact with other proteins or nucleic acids (Dunker
et al. 2002; Tompa 2002; Uversky 2002; Dyson and Wright
2005). Although unstructured proteins can be predicted
from the amino acid sequence, it is difficult to study them
experimentally. Protease sensitivity is a convenient probe.
NMR and CD spectroscopy can also be used.

We previously developed a method for studying
unstructured proteins by rotary shadowing electron
microscopy (EM) (Li et al. 2001; Ohashi et al. 2002).
Because unstructured proteins such as the charged-plus-
PQ (proline-glutamine rich) domain of ZipA and the
PEVK (proline-glutamate-valine-lysine rich) domain of
titin were invisible in EM, we added small globular
domains at both the N- and C-termini to measure the
end-to-end distances of the unstructured segments be-
tween them. These end-to-end distances provide valuable
information for understanding intrinsically unstructured
proteins, in particular for estimating a persistence length
of a corresponding worm-like chain. However, these
EM measurements are most valuable for polypeptides
longer than 150 amino acids.

In the present study, we have used a FRET-based assay
to explore the end-to-end separation of presumed unstruc-
tured proteins shorter than 150 amino acids. In addition to
the unstructured peptides, we have used several rigid
inserts of known structure to provide calibration points.
We will discuss the application of GFP-based FRET to the
study of protein structure, especially its usefulness in esti-
mating the end-to-end distance of unstructured proteins.

Results

We originally started this project using the FRET pair
YFPvyenus—ECFP*, but when Nguyen and Daugherty
(2005) reported the development of an improved FRET
pair, YPet—CyPet, which had a sevenfold enhancement of
the FRET signal, we decided to use this enhanced FRET
pair for our project. However, an early application
showed that a 66-amino acid adducin insert (AD66t1)
gave a FRET signal almost identical to that with the
12-amino acid insert. We suspected that dimerization of
the YPet—CyPet might be the problem, so we introduced
the monomerizing mutation A206K (Zacharias et al. 2002),
first in YPet, and then in both YPet and CyPet. As shown in
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Table 1, which is a comparison of the FRET signals in
various 12AA constructs, these two monomerizing muta-
tions progressively decreased the FRET signal with the
12-amino acid insert. Moreover, the FRET signal from the
ADO66t1 construct was now much less than that of the
12AA construct when tested with the double-monomeric
mutant (Table 2).

We then tested the effect of the monomerizing muta-
tions in the YFPygnus—ECFP* pair. This FRET pair also
had a tendency to form a dimer, but the interaction was
much weaker than that of YPet—CyPet. Changes in the
quantum yield and the molar extinction coefficient caused
by the monomerizing mutation cannot explain the signif-
icant reduction of the FRET signals. The different FRET
efficiencies between mYPet—-mCyPet and mYFPygnus—
mECFP* pairs are probably due to the different Foster
distances (we estimated the FoOster distance for the
mYFPygnyus—mECFP* pair to be 5.2 nm based on the
molar extinction coefficient of mYFPygnys at 514 nm
[81,000 M~ cm™'] and the quantum yield of mECFP*,
0.58). The FRET signal from mYPet-mCyPet is slightly
higher than that of mYFPvenus-mECFP* when using the
emission ratio as the measure, and slightly lower when
using the decrease in donor fluorescence, Epp.

The bacterially expressed and purified FRET con-
structs containing various inserts were resolved on SDS-
PAGE before and after trypsin digestion (Fig. 1). Several
purified proteins showed a minor degradation product
before trypsin digestion that could be an N-terminal mYPet
fragment that was purified with the N-terminal His-tag.
A minor acceptor contamination would not affect our
results, because we used decrease in donor fluorescence as
the measure of FRET. After mild trypsin digestion, mYPet
ran as a monomeric GFP, and the mCyPet ran either as a
monomer (when the insert was completely digested) or as a
larger fragment when the insert remained attached (Fig. 1).
It seems likely that K238, in the C-terminal flexible region
of mYPet, is sensitive to trypsin digestion, and this cut
disrupts the FRET pair. The emission intensities of the
individually purified mYPet and mCyPet were not changed
by mild trypsin digestion (data not shown). Previous studies

Table 1. Comparison of monomeric mutations in various
12AA constructs

Acceptor Donor Epp Emission ratio
YPet CyPet 0.67 8.61
mYPet CyPet 0.56 4.27
mYPet mCyPet 0.51 3.53
Venus ECFP* 0.61 3.36
mVenus ECFP* 0.57 2.93
mVenus mECFP* 0.56 2.84

Epp is FRET efficiency calculated from decrease in donor fluorescence.
Emission ratio is acceptor emission (528 nm)/donor emission (475 nm).


http://www.proteinscience.org

inserm-00186828, version 1 - 1 Jul 2008

Downloaded from www.proteinscience.org on June 25, 2007

Studying unstructured proteins by GFP-based FRET

Table 2. Estimated end-to end distance, FRET efficiency, and sedimentation coefficient for each construct

Insert End-to-end distance Flexible Epp in Epp in
size (aa)® of insert (nm)® region (aa)* rerer (nm)Y p (nm)° Epp urea Ficoll S Smax/S’

Unstructured

12 AA 12 (2.6) 28 5.0 1.09 0.50 0.26 0.49 4.0 1.4

Ch33N 37 4.1 53 5.3 0.69 0.40 0.17 0.41 4.0 1.4

PQ33C 37 4.7 53 6.1 0.93 0.23 0.03 0.27 3.7 1.5

AD66t1 70 5.1 86 5.9 0.55 0.28 0.08 0.34 4.2 1.4

AD66t3 70 5.6 86 6.6 0.69 0.16 0.01 0.20 3.9 1.5

Ctt68 72 5.2 88 6.0 0.56 0.26 0.04 0.34 3.9 1.5

Ch66N 80 5.3 96 6.1 0.53 0.24 0.03 0.28 4.3 1.4

PQ66C 80 5.7 96 6.6 0.62 0.16 0.02 0.18 3.7 1.6

ChPQ150 164 7.7 180 8.2 0.53 0.05 —-0.02 0.11 3.8 1.7
Structured

GB1 60 2.6 16 6.4 - 0.19 0.04 0.21 4.1 1.4

FN10 98 3.7 16 6.4 - 0.19 0.12 0.24 4.3 1.4

FN7-8 188 7.0 16 - - 0.01 —0.01 0.01 4.1 1.6

“Insert size is the number of amino acids in the domain inserted between the two GFPs, including the cloning site.

®For unstructured inserts the average end-to-end distance was calculated by Equation 6 for the worm-like-chain with the contour length (L) of the insert
(0.34 nm per amino acid), and the estimated persistence length (p in column 5) set to match the rprpr

“Flexible region includes the unstructured 11 amino acids at the C terminus of mYPet and five amino acids at the N terminus of mCyPet.

4y regir is the donor—acceptor separation distance estimated from FRET efficiency (Epp) by Equation 2.

“The persistence length was calculated from rpgzr by Equation 6.

fThe ratio of the maximum sedimentation coefficient (Sy4x), calculated for an unhydrated sphere of protein of the same mass, to the measured

sedimentation coefficient ().

have also shown that trypsin digestion does not affect the
fluorophores of GFP and its variants (Heim and Tsien 1996;
Nguyen and Daugherty 2005; Shimozono et al. 2006).
Unstructured domains such as Ch66N and Ctt68 were also
digested with trypsin, although some unstructured segments
such as PQ33C and ChPQ150 were not digested com-
pletely, probably due to their low lysine and arginine
content. In contrast, structured domains such as FN10 and
FN7-8 remained attached to mCyPet following trypsin
digestion, suggesting that these domains were properly
folded and not subject to digestion.

The emission spectra of selected FRET constructs
before and after trypsin cleavage are shown in Figure 2.
In all constructs except for FN7-8, donor (mCyPet)
intensities increased and acceptor (mYPet) intensities
decreased after trypsin cleavage, indicating that FRET
occurs in these constructs. 12AA and Ch33N showed
strong FRET signals. PQ33C, Ch66N, PQ66C, Ctt68,
AD66t1, AD66t3, GB1, and FN10 had moderate FRET
signals. The 150-amino acid unstructured segment
ChPQI150 gave a barely detectable FRET signal. FN7-8
had no detectable FRET signal, as expected for a rigid
insert 7.0 nm long. The FRET efficiency (Epp) was
calculated from the measured emission intensities of
mCyPet, with and without trypsin digestion according
to Equation 1 in Methods and Materials (Table 2). Based
on the Forster distance for the mCyPet and mYPet pair
and the Epp calculated from the donor fluorescence
change, the pseudo-average separation distances of fluoro-
phores, rrrep; were determined from Equation 2. The

reproducibility of our measurements was checked for a
few constructs by repeating the experiments with protein
that came from different purification batches. The error
range of Epp was about 2%, (compare the 12AA construct
in Table 2, Epp = 0.50, with its equivalent mYPet-mCyPet
construct in Table 1, Epp = 0.51).

We initially tried to interpret the results by using a
single persistence length for all flexible constructs, and
comparing rrrgr With the calculated fluorophore separa-
tion of the worm-like chain. However, it is clear from
Table 2 that the experimentally determined rpgg7 varied

12AA
-+

PQ33C
-+

Ch66N
-+

Ctt68
-+

ChPQ150
-+

FN10
-+

FN7-8
= + Trypsin

Std

GFPs

Figure 1. FRET constructs before and after trypsin cleavage. Samples
(1 wM) were analyzed by SDS-PAGE and stained with Coomassie Blue.
As seen in the 12AA construct, trypsin digestion separated the two GFPs
from each other. PQ33C, FN10, and FN7-8 remained linked to one of the
GFPs, but the Ch66N, Ctt68, and ChPQ150 inserts were almost completely
digested by trypsin. (Std) BenchMark protein ladder (Invitrogen).
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Figure 2. Emission spectra of the FRET constructs. Samples before (black line) and after (gray line) trypsin cleavage were excited at
433 nm and the relative emission intensities were measured at wavelengths from 450 to 600 nm. Strong FRET signals were detected in
the 12AA and Ch33N constructs, a very weak signal in ChPQ150, and no signal in FN7-8; the remaining constructs showed moderate

levels of FRET.

for flexible inserts of the same length. These segments
apparently have a variable degree of residual order and
stiffness. The calculated fluorophore separation of the
worm-like chain is quite sensitive to the persistence
length, so we decided that the most informative interpre-
tation would be to determine the persistence length that
would have the fluorophore separation of the worm-like
chain match the experimental rzgg7 In this interpretation,
the different ““intrinsically unstructured” segments are
considered to have a greater or lesser degree of stiffness.

For most inserts, the persistence lengths were in the
range of from 0.5 to 0.7 nm. This is similar to the value of
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0.66 nm found in our previous EM study of ZipA, and
slightly above the values of 0.4-0.5 nm found in AFM
studies of force-induced domain unfolding (Oberhauser
et al. 1998; Dietz and Rief 2004). However, the PQ33C
construct gave a lower FRET signal than expected, based
on the length of this insert, and the estimated persistence
length was 0.9 nm. This segment is apparently stiffer and
more extended than the rest of the unstructured inserts.
12AA also had a longer persistence length, but we believe
this arises not from the stiffness of the linker, but from a
limitation on our calculations. With this short linker,
many configurations would have the two GFPs bumping
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into each other, and the end-to-end distance calcu-
lated for the worm-like chain cannot be achieved. Our
estimate thus fails for very short flexible inserts, but
seems fairly good for inserts of 30 amino acids or longer.

We examined the effect of 6 M urea on the FRET
signals of our constructs (Fig. 3; Table 2). In all
constructs examined, FRET signals were substantially
reduced in the presence of urea. In several constructs,
however, weak or moderate FRET signals were still
detected. These constructs seem to have short or flexible
inserts such as 12AA, Ch33N, AD66tl, and Ctt68, or
chemically very stable structured inserts such as FN10. In
control experiments, we observed that urea had no effect
on the individually purified mYPet intensities, but slightly
reduced the emission of mCyPet (data not shown). This is
probably why there were a few negative Epp values in the
presence of urea (Table 2). We conclude that 6 M urea
substantially increases the stiffness and extension of
unstructured peptides.

We also tested whether macromolecular crowding
affects the conformation of intrinsically unstructured
protein, because macromolecular crowding is considered
to stabilize protein structures (Ellis 2001; Chebotareva
et al. 2004; Despa et al. 2005; Minton 2005). In the

150% + 12AA

100% <

o /\/

450 500 550 600

150% 1 PQ66C

100% A

50% A

0% T T 2l
450 500 550 600

Relative fluorescence (%)

150% - FN10

100% 4

50% A

0% T T 1
450 500 550 600
Wavelength (nm)

Figure 3. Emission spectra of the FRET constructs in urea. Samples
before (black line) and after (gray line) trypsin cleavage in 6 M urea were
excited at 433 nm and the relative emission intensities were measured at
wavelengths from 450 to 600 nm. FRET signals were still detected in the
12AA and FN10 constructs, but were minimal in the PQ66C construct.

presence of the crowding agent Ficoll 70, the FRET
signals were slightly increased in most constructs, includ-
ing the structured ones (Table 2). This suggests that the
FRET constructs form a slightly more compact confor-
mation under crowding conditions. Ficoll did not affect
the emission spectra of individually purified mYPet and
mCyPet. The slightly increased refractive index (1.35) of
Ficoll 70 affected the quantum yield but did not alter the
Forster distance (see Equations 3 and 4).

The measured sedimentation coefficients of these
FRET constructs are shown in Table 2. Smax/S is an
indication of the relative extension of the proteins
(Schiirmann et al. 2001). A value of 1.6-1.9 is character-
istic of a moderately extended protein such as TNfn1-5.
This segment of tenascin contains five FN-III repeats in a
rigid rod, 14.6 nm long by 2.5 nm diameter, and has
Smax/S = 1.65 (Schiirmann et al. 2001). Most of our
constructs had Smax/S of 1.4-1.5, which suggests that
they are monomeric proteins somewhat less elongated
than TNfn1-5. This is reasonable for all constructs, based
on the size of the inserts. Only three constructs violate
this generalization. PQ66C, ChPQ150, and FN7-8 appear
to be more elongated, which correlates with their low
FRET signals.

Rotary shadowing EM images of several FRET con-
structs are shown in Figure 4. Two GFPs are seen as
closely spaced globular domains. The unstructured
domains connecting them are invisible in these images,
as expected for unstructured proteins, while the structured
inserts such as FN10 are seen as a short rod between the
two GFPs. The two GFPs of the Ch33N constructs are
relatively closer to each other than those of the PQ33C
constructs, consistent with the FRET results.

Discussion

Using FRET to measure distances of rigid
and flexible protein inserts

Figure 5 illustrates hypothetical conformations of the
structured and unstructured constructs. The figure empha-
sizes an important point, that the separation of the
fluorophores is not simply related to the size of the insert.
Even for a rigid insert like FN7-8, the flexible C terminus
of YFP and N terminus of CFP permit a substantial range
of separations. In most configurations of the FN7-8
insert, the YFP and CFP are too far apart to generate
FRET, but in some they can be folded back and even
brought into contact. However, these close configura-
tions are apparently rare because the overall FRET
signal with FN7-8 was undetectable. With the shorter
FN10 insert, we obtained a moderate FRET signal, which
gave an rprer of 6.4 nm. This seems reasonable for the
3.7-nm rigid insert and the ensemble of conformations

www.proteinscience.org 1433


http://www.proteinscience.org

inserm-00186828, version 1 - 1 Jul 2008

Downloaded from www.proteinscience.org on June 25, 2007

Ohashi et al.

LR B A IV PN Si o ANIREL ST L -

Figure 4. Rotary shadowing electron microscope images of the FRET
constructs. The two GFPs are seen as closely spaced globular particles.
The unstructured inserts, Ch33N, PQ33C, and Ctt68 between GFPs are
invisible in EM images. The structured FN10 constructs show short rods
connecting the two globular domains.

from the flexible ends (see below for discussion of
ensembles). We had expected the shorter GB1 insert
(2.6 nm) to give an increased FRET signal, but its FRET
was identical to that of FN10. As in the case of the 12AA
construct, the shorter GB1 insert may be limited in its
FRET by the exclusion of configurations where the
two GFPs would overlap. Another possibility is that
GB1 (and perhaps FN10 as well) may interact with the
YFP and CFP and restrict their rotational configurations.

For flexible inserts, we chose to determine a persistence
length that would match the calculation of the worm-like
chain to the measured rpgrer: The persistence length varied
from 0.5 to 0.7 nm (Table 2) for most of the presumed
unstructured inserts. Those with P = 0.5-0.55 are probably
the most unstructured and flexible, and those with P = 0.6—
0.7 are somewhat stiffer. PQ33C had P = 0.93, the highest
value in the set, so we conclude that this peptide is definitely
stiffer and more extended than the average unstructured
segment. Note that PQ66C, which contains PQ33C, also had
a higher P = 0.62.

In a study closely related to ours, Evers et al. (2006)
prepared a series of constructs with engineered flexible
linkers of 23—71 amino acids between ECFP and EYFP.
Their inserts consisted of a variable number of repeats of
GGSGGS, and they modeled this as a worm-like chain
with a persistence length of 0.45 nm. This is somewhat
less than the 0.5 nm of our most flexible inserts, which is
reasonable, since GGSGGS should be at the extreme of
flexibility. Evers et al. (2006) used computer modeling
to calculate a large ensemble of possible configurations,
using a worm-like chain model for the flexible segments.

1434 Protein Science, vol. 16

They calculated the FRET signal for each configuration
in the ensemble, and then determined the average FRET
signal. An important advantage of this approach is that it
accounts for the fact that configurations that bring the
fluorophores close together contribute more to the net
FRET than they do to the conformational average. Our
approach, based on a single pseudo-average structural
estimate, ignores this complication.

While Evers et al. (2006) used computer modeling that
should accurately determine how the complete ensemble
of configurations make up the FRET signal, our work
suggests that these complex calculations are not needed
for most applications. Our much simpler approach, using
Equation 6 to calculate the fluorophore separation for a
worm-like chain, and matching this to rpgezp, gives a fit
almost as good. For example, if we use our calculation for
Evers’s 71-amino acid construct, we get a persistence
length of 0.47 nm, which is close to the 0.45 nm that they
used for their modeling. Also, our results show that
intrinsically unstructured proteins actually vary in their
stiffness, as discussed above.

We suggest that the most valuable application of FRET
to characterize unstructured proteins is to estimate the
persistence length and compare this to other proteins. Our
simplified modeling approach appears to be satisfactory
for this for inserts longer than 30 amino acids. Our set of
eight unstructured and three structured inserts, covering
the range from very short linkers with high FRET to
longer ones with no FRET, provides a calibration set
against which new proteins can be compared.

GFP dimerization

GFP and its variants are thought to form dimers,
because GFPs are often seen as an antiparallel dimer in
crystal structures (Ormo et al. 1996; Rekas et al. 2002).
The dissociation constant for a GFP homodimer has been
estimated to be ~0.1 mM (Phillips 1997; Zacharias et al.
2002). In our FRET experiments, the two linked GFPs
would have a very high local concentration. For example,
rerer 18 8.2 nm in our longest linker, ChPQ150. If the
GFPs averaged 8.2-nm apart in solution, their concen-
tration would be ~3 mM, well above the estimated
0.1 mM Kp. However, in our earlier work using
ECFP*-YFPygnus we saw negligible FRET signal with
this 150-amino acid insert (our unpublished observation),
and we concluded that dimerization was not a problem.
This would suggest that the Ky for dimerization is above
3 mM, i.e., much weaker than previously estimated.
Nguyen and Daugherty (2005) reported the develop-
ment of an improved FRET pair, YPet—CyPet, which had
a sevenfold enhancement of the FRET signal. However,
we discovered that most of the signal enhancement was
due to enhanced dimerization of YPet to CyPet within the
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7.0 nm

tethered construct, and was substantially reduced when
we incorporated the monomerizing mutation previously
developed to prevent the weak dimerization of GFP
(Zacharias et al. 2002). The problem was likely caused
by the S208F mutation in YPet, which localizes in the
dimer—dimer interface, and probably increases the affin-
ity for dimerization. Nguyen and Daugherty (2005) noted
that the enhancement in the CFP2-YFP3 pair was due to
substitutions in YFP3, which was where S208F appeared.
In a later application, You et al. (2006) used CyPet—YPet
to assay peptide binding to ligands. The FRET assay
indicated binding affinities three to 20 times higher than
other assays, consistent with the possibility that GFP
dimerization was enhancing the binding.

We then returned to the YFPygnus—ECFP* pair, and
found that introducing the monomerizing mutations here
also reduced the FRET signal, but the effect was much
weaker than with YPet—CyPet. Even with shorter inserts,
the dimer probably exists for only a small fraction of
configurations. This could explain why Evers et al. (2006)
saw no evidence for a dimer by fluorescence anisotropy.
However, it does suggest that the FRET efficiencies
measured by Evers et al. (2006) are slightly increased
by the weak dimerization. As discussed above, this could

Conformational
average

Compact

YFP CFP

L=29.2 nm

)

dive

Figure 5. Hypothetical conformations of the FRET constructs. The diagram shows several possible conformations of the FRET
constructs. The flexible C terminus of YFP and N terminus of CFP in a structured construct such as FN7-8 can bring two GFPs close
together (as in the compact conformation) or space them further apart (as in the extended conformation). In the case of Ch66N, the
unstructured polypeptide chain can also be in an extended or compact conformation.

be compensated in the modeling by using a slightly
higher value for the persistence length.

Effects of urea and crowding agents
on unstructured proteins

Several studies have demonstrated that protein backbone
structures are extended or stiffened by denaturants (Liu
et al. 2004; Mohana-Borges et al. 2004; Whittington et al.
2005). We tested this with all of our constructs. We found
that 6 M urea substantially reduced the FRET signal for
all flexible inserts, mostly to values that were barely
measurable. This suggests that in the presence of urea, the
unstructured proteins went from a fairly compact worm-
like chain to a more rigidly extended chain. The FRET
signal for the rigid insert FN10 was also substantially
reduced. This was not due to denaturation of FN10, which
is known to be chemically very stable (Plaxco et al. 1997;
Cota et al. 2000) and does not denature with 6 M urea
(our unpublished observation). The reduction of FRET
signal is likely due to stiffening and extension of the
N- and C-terminal flexible segments of the GFPs.
Macromolecular crowding is increasingly understood to
affect protein structure and function inside the cell (Minton
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and Wilf 1981; Minton 2005). Macromolecular crowding
enhances the enzymatic activity of proteins as well as
protein—protein interactions and polymerization (Ellis
2001; Chebotareva et al. 2004; Despa et al. 2005). The
crowding effect seems also to increase protein stability. It
has been reported that denatured apomyoglobin can be
stabilized under crowding conditions (McPhie et al. 2006).
On the other hand, crowding has been shown not to induce
the formation of secondary structures in intrinsically
unstructured proteins, e.g., c-Fos and p27kip] (Flaugh and
Lumb 2001). In-cell NMR of the intrinsically unstructured
protein a-synuclein indicated that while crowding could
not induce structure, it did prevent the formation of aggre-
gates (McNulty et al. 2006). Interestingly, in the case of
FigM, which is known to be unstructured in solution, the
C-terminal region seems to be structured inside the cell
(Dedmon et al. 2002). In the present study, we used Ficoll
70 to create crowding conditions to mimic the inside of the
cell. Most unstructured constructs had a significantly more
compact conformation in the presence of Ficoll. Thus, the
end-to-end distances of intrinsically unstructured proteins
inside the cell are probably shorter than the estimated
lengths in solution.

Materials and Methods

Protein expression

For most of our work we used the recently developed FRET pair
YPet (YFP variant) and CyPet (CFP variant) (Nguyen and
Daugherty 2005). Constructs optimized for mammalian codon
expression were kindly provided by Dr. Patrick Daugherty
(University of California, Santa Barbara) and were mutated to
eliminate a Kpnl restriction enzyme site for our subsequent
cloning. To generate monomeric forms of YPet and CyPet,
alanine 206 was substituted with lysine, as reported previously
for other GFP variants (Zacharias et al. 2002). Note that the
residue numbering of GFP used in the present article does not
include the second residue, valine, which is inserted in the
mammalian codon-optimized GFPs. The PCR-amplified mono-
meric YPet (mYPet) and CyPet (mCyPet) fragments were
cloned into pET15b (Novagen). The mYPet construct has the
sequence: mgsshhhhhhssglvprgshmggrMVSK. . .(mYPet). .. ELYK
tsggr (the mYPet sequence is underlined, and the sequences in
lowercase are derived from the cloning sites and linkers). The
mCyPet construct has the sequence: mgsshhhhhhssglvprgshmg
grsrtsgspglqefgtMVSK. . .(mCyPet). .. ELYKggr. For creating the
parent construct for FRET experiments, the mCyPet fragment
was removed by HindIII and Spel digestion and inserted into the
mYPet construct. This construct has a 12-amino acid spacer,
TSGSPGLQEFGT (whose DNA encodes Spel-BamHI-Smal—
Pstl-EcoRI-Kpnl sites), between mYPet and mCyPet (Fig. 6).
This construct, which we call 12AA, has the sequence:
mgsshhhhhhssglvprgshmggrMVSK. . .(mYPet). . . ELYKtsgspg
IgefgtMVSK. . .(mCyPet)... ELYKggr. We also generated YPet—
CyPet (without the monomeric mutations), YFPygnus—ECFP*, and
mYFPyenus—mECFP* FRET pairs for comparison. ECFP* indi-
cates that our ECFP had two additional mutations, K26R/N164H,
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YFP CFP

His-tag ~ TSGSPGLQEFGT
Spel-BamHI-Smal-Pstl-EcoRI-Kpnl

Figure 6. A diagram of the parental FRET construct (12AA). The
structured and unstructured proteins were inserted into the Spel and Kpnl
sites. Arrows indicate the putative trypsin sensitive sites.

which do not localize to the dimer—dimer interface, and appear to
be innocuous.

Several segments of intrinsically unstructured proteins were
inserted between mYPet and mCyPet. These included the
charged and PQ domains of ZipA (Ohashi et al. 2002), the tail
domain of a-adducin that has been characterized with CD
spectroscopy (Hughes and Bennett 1995), and the C-terminal
tail domain of FtsZ predicted to be unstructured (Erickson
2001). Specific constructs included the full-length 150 amino
acid charged-plus-PQ domain (we designate this ChPQ150; the
sequence at the linker site is -ts-DRPL...[charged-plus-PQ
domain]...VMDK-ts), the N-terminal 66 amino acids of the
charged domain (Ch66N; -ts-DRPL. . .[Ch]. . .QPRQ-ts), the N-
terminal 33 amino acids of the charged domain (Ch33N; -ts-
DRPL.. .[Ch]...RVHR-gt), the C-terminal 66 amino acids of
the PQ domain (PQ66C; -ts-AQPV.. .[PQ]...VMDK-ts), and
the C-terminal 33 amino acids of the PQ domain (PQ33C; -ts-
SAPQ...[PQ])...VMDK-gt). Two different segments of 66
amino acids of the tail domain of a-adducin were tested:
(AD66t1[440-505]; -ts-QQRE...[ADt]... MRNK-gt, AD66t3
[592-657]; -ts-EARE. . .[ADt]...GFPM-gt), and the C-terminal
tail domain of FtsZ (Ctt68, -tsh-MDKR.. .[Ctt].. . KQAD-gt).
For comparison, we also tested different sized structured pro-
teins between mYPet and mCyPet: the B1 immunoglobulin
binding domain of streptococcal protein G (GB1; -ts-MQYK
...[GB1]... TVTE-gt-) (Franks et al. 2006) (PDB: 2GI9), FN-
III domain 10 of fibronectin (FN10; -ts-VSDV...[FN10]...
NYRT-gt-), and FN-III domains 7-8 (FN7-8; -ts-PLSP...
[FN7-8].. . RQKT-gt) (Leahy et al. 1996) (PDB: 1FNF).

Most of the constructs were insoluble following expression
in Escherichia coli BL21 (DE3) at 37°C. When they were
expressed at 20°C, a sufficient amount of soluble protein was
obtained for experiments. We later learned that the solubility
was further improved when they were expressed in E. coli C41
(DE3) at 20°C (Miroux and Walker 1996). The recombinant
protein from the soluble fraction was purified with a cobalt-
agarose column (TALON, Clontech) using standard procedures.
Eluted proteins from the column were dialyzed against 20 mM
Tris with 150 mM NaCl (TBS, pH 8.0) to remove imidazole.
Protein concentration was estimated from the absorbance at 280
nm using the molar extinction coefficient of each protein
calculated by the Protean computer program (DNAstar, Inc.).
The molar extinction coefficients of mCyPet at 433 nm (26,000
M 'em™!) and for mYPet at 514 nm (85,000 M~ 'cm™") in TBS
were estimated based on the protein concentrations determined
at 280 nm. In these estimates, we assumed that all proteins were
correctly folded and the fluorophores were properly formed. As
a control to eliminate FRET, purified proteins (4 wM) were
digested with trypsin (10 wg/mL) at room temperature for 1 h.
Then, 4-puM samples with and without trypsin treatment were
diluted four times with TBS, 8 M urea/TBS, or 20% Ficoll
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70/TBS for fluorescence analysis. SDS-PAGE was performed
using standard procedures.

FRET analysis

Fluorescence measurements were performed with a spectro-
fluorophotometer (Shimadzu RF-5301-PC). Emission spectra
were collected at 1-nm intervals from 450 to 600 nm with
excitation at 433 nm using slit widths of 3 nm for excitation and
5 nm for emission. Spectra were acquired at room temperature
for purified proteins at a concentration of 1 uM in TBS. At this
concentration, triplicate measurements showed errors were
within 5% and the absorbance at 433 nm was below 0.05, so
that the inner filter effect should be insignificant. The relative
intensity of emission spectra was normalized to the donor-alone
intensity (after trypsin treatment) at 475 nm. Individually
purified mYPet showed a small peak at 528 nm when excited
at 433 nm, but no detectable emission at 475 nm. The
normalized emission intensities at 475 nm for mCyPet were
used to calculate the FRET efficiency as given by the decrease in
donor intensity (Epp) according to the equation (see Equation
13.14 in Lakowicz 1999):

Crrer

Epp=1— (D

b
Crrypsiv

where Crrypsin 1S the intensity of CFP after trypsin treatment
and Cgger is the intensity of CFP before trypsin digestion.
The steady-state FRET signal permits the calculation of a
single estimate for the separation of the fluorophores, rggrer
using the equation (see Equation 13.12 in Lakowicz 1999):

I
rerer = Roy|— — 1, )
FRET 0 EDD

where R, is the Forster distance. We calculated the Forster
distance for the mYPet-mCyPet pair to be 5.0 nm from the
following equation (see Equation 13.6 in Lakowicz 1999):

Ro = /8.79 X 10-11[x2n=4QpJ(A)] (in nm), (3)
where x> is the orientation factor between the donor and
acceptor (typically equal to 2/3 for randomly oriented mole-
cules, see also Evers et al. 2006), n is the refractive index of the
medium (1.33 in water), Qp is the quantum yield of the donor
(determined below), and J(A) is the spectral overlap integral
(determined below).

The Qp for mCyPet was determined to be 0.44 from the
following equation (see Equation 2.5 in Lakowicz 1999):

11) ODR }’l[)2

QD:QRE.O—DD.I’I_Rz7

“)
where [ is the integrated intensity, OD is the optical density, and
the subscripts D and R refer to the donor and reference
fluorophore, respectively. We used fluorescein (Invitrogen) as
a reference (Qr = 0.95 in 0.1 N NaOH).

J(A) is the spectral overlap integral given by the following
equation (see Equation 13.3 in Lakowicz 1999):

~Jo Fp)ea(A)r*dA
J(A) == N (5)

where Fp(A) is the donor emission at a given wavelength A, and
€a(A) 1s the extinction coefficient of the acceptor at that
wavelength. The emission spectrum of mCyPet and the absor-
bance of mYPet were measured from the individually expressed
and purified proteins. Our estimated Forster distance for the
mYPet-mCyPet pair (5.0 nm) was slightly larger than those
reported for the CFP-YFP pair (4.8 and 4.9 nm) (Patterson et al.
2000; Evers et al. 2006), probably due to the higher quantum
yield of mCyPet and molar absorptivity of mYPet.

We estimated the separation of the fluorophores, rprez using
the conventional Equation 2. We used this simple ‘‘pseudo-
average’ to calculate the persistence length of each flexible
polypeptide chain using the following equation for a worm-like
chain (WLC):

wL(1=2(1=¢")) = o) ©)

where p is the persistence length, and L is the contour length
(Rivetti et al. 1996; Zhou 2004). The end-to-end separation of
the flexible insert (dyw,c) was assumed to be equal to rrger to
calculate the persistence length. The contour length was taken to
be 0.34 nm per amino acid, which is the average length of an
amino acid residue in an extended [-strand (see caption to Fig.
SF of Yang et al. 2000). An important additional step was to
recognize that the crystal structures of GFP, and its variants
show that approximately five amino acids at the N terminus and
11 amino acids at the C terminus are flexible (Ormo et al. 1996;
Rekas et al. 2002). It has also been reported that the deletions of
these flexible segments do not affect the GFP fluorophore
(Shimozono et al. 2006). For the calculation of the contour
length, we added these 16 amino acids to the length of the insert.
The recent study of Evers et al. (2006) also included these
segments as part of the flexible linker. We also added 3 nm to
the contour length to account for the 1.5-nm distance of each
fluorophore (in the center of the GFP) from the surface, as
estimated with the PyMOL computer program (Delano Scien-
tific). Although the 1.5-nm segment is actually rigid, this
simplification is probably reasonable, because the GFP is
attached to the peptide by a fully flexible joint.

Glycerol gradient sedimentation and electron microscopy

In order to estimate sedimentation coefficients, the purified
proteins were sedimented at 20°C through a 15%-40% glycerol
gradient in 0.2 M ammonium bicarbonate at 42,000 rpm for
16 h in a Beckman SW-55.1 rotor (Schiirmann et al. 2001).
The glycerol gradients were calibrated with standard proteins of
known S value (catalase, 11.3 S, aldolase, 7.3; BSA, 4.6 S;
ovalbumin, 3.5 S). For rotary shadowing, samples from the
glycerol gradient fractions were sprayed onto freshly cleaved
mica, dried in vacuum, and rotary shadowed with platinum
(Fowler and Erickson 1979; Ohashi and Erickson 2004).
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