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Abstract

p25aisa 219-residue protein which stimulates aberrant tubulin polymerization and is implicated in a variety
of other functions. The protein has unusual secondary structure involving significant amounts of random
coil, and binding to microtubules is accompanied by a large structural change, suggesting a high degree of
plasticity. p25a has been proposed to be natively unfolded, so that folding is coupled to interaction with its
physiological partners. Here we show that recombinant human p25« is folded under physiological condi-
tions, since it has a well structured and solvent-sequestered aromatic environment and considerable
chemical shift dispersion of amide and aliphatic protons. With increasing urea concentrations, p25«a
undergoes clear spectral changes suggesting significant loss of structure. p25« unfolds cooperatively in
urea according to a simple two-state transition with a stability in water of ~5 kcal/mol. The protein behaves
as a monomer and refolds with a transient on-pathway folding intermediate. However, high sensitivity to
proteolytic attack and abnormal gel filtration migration behavior suggests a relatively extended structure,
possibly organized in distinct domains. A deletion mutant of p25« lacking residues 3—43 also unfolds
cooperatively and with similar stability, suggesting that the N-terminal region is largely unstructured. Both
proteins undergo significant loss of structure when bound to monomeric tubulin. The stoichiometry of
binding is estimated to be 3—4 molecules of tubulin per p25« and is not significantly affected by the deletion
of residues 3-43. In conclusion, we dismiss the proposal that p25« is natively unfolded, although the protein
is relatively flexible. This flexibility may be linked to its tubulin-binding properties.
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Human p25a (also known as TPPP [tubulin polymeriza-
tion promoting protein]) is a small basic 219-amino acid
residue protein that is conserved among mammalian spe-
cies (including cow and rodents) as well as having more
distant homologs in insects and worms (Shiratsuchi et al.
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1995; Seki et al. 1999; Tirian et al. 2003). The protein was
originally identified as a protein copurified with tau pro-
tein kinases from bovine brain (Takahashi et al. 1991).
Subsequently, it has been implicated in a number of dif-
ferent functions. Bovine p25« has submicromolar affinity
for tubulin (Tirian et al. 2003) and causes aberrant micro-
tubule assemblies at substoichiometric concentrations
(Hlavanda et al. 2002; Tirian et al. 2003). Rat p25« is a
potent inhibitor of glycogen synthase kinase 3 (GSK3)
(Martin et al. 2002), and human p25« stimulates aggrega-
tion of a-synuclein, the major component of Lewy Bodies
associated with Parkinson’s disease (Lindersson et al.
2005). The protein can be phosphorylated by GSK3
(Martin et al. 2002), tau kinase II (Takahashi et al.
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1991; Martin et al. 2002), and protein kinase C isoforms
(Yokozeki et al. 1998).

p25a is also interesting from a biophysical perspective.
The protein appears to have an unusual nonglobular struc-
ture, since sequence analysis predicts 30%-43% «-helix
content but only 4% is estimated from the far-UV spec-
trum (Hlavanda et al. 2002). Further, p25a may be plastic
enough to undergo significant structural changes, since the
spectrum of p25a incubated with tubulin was different
from the spectrum predicted from the individual com-
ponents (Hlavanda et al. 2002). The protein can be recov-
ered from the supernatant of heat-treated tissue extract
(Takahashi et al. 1991), indicating that it is either natively
unfolded or does not aggregate upon unfolding. Very
recently, Ovadi and coworkers proposed that p25a
belonged to the class of natively unfolded proteins (Kovacs
et al. 2004; Orosz et al. 2004). They based this on two
experimental observations. Firstly, '"H-NMR spectroscopy
showed a lack of signal dispersion, including low- and
high-field resonances, as well as extremely broad amide
proton chemical shifts (Kovacs et al. 2004). Secondly, the
protein’s single Trp residue gave rise to an emission maxi-
mum around 350 nm, typical of high solvent-exposure
(Orosz et al. 2004). They also showed that trifluoroethanol
was able to induce a-helical structure in p25«, but this has
also been shown to be the case for natively folded proteins
(Buck et al. 1993; Chiti et al. 2000; Kumar et al. 2004).
Finally, they used the neural network-based algorithm
PONDR (Dunker et al. 2001) to predict that the first 52
or so residues of p25«, which are largely polar or charged,
are intrinsically disordered. This observation is significant,
as long disordered stretches (at least 40 residues) are pre-
dicted with good confidence; in contrast, the pattern of
alternating ordered and disordered short regions may be
less trustworthy.

In addition to p25«, two related proteins, subse-
quently named p25B and p25vy, have been identified at
the DNA level (Zhang et al. 2002). The three proteins
share a significant degree of sequence identity in the
middle and C-terminal regions, including a highly con-
served Rossmann fold known to be involved in nucleo-
tide binding (Shiratsuchi et al. 1995; Zhang et al. 2002).
Apart from this fold, no known structural motifs have
been identified from the p25a sequence. Importantly,
the putatively unstructured N-terminal region (residues
3—43) is missing in p25@ and p25vy.

To shed more light on p25«’s unusual conformational
properties, we investigated its biophysical properties by
spectroscopic techniques. In contrast to the observa-
tions by Ovadi and coworkers, we found that p25a
behaves like a conventional folded protein in nearly all
aspects. It forms a compact structure with well defined
tertiary interactions as judged from near-UV circular
dichroism (CD), fluorescence, NMR, cross-linking,

and acrylamide quenching experiments. Furthermore,
the protein unfolds cooperatively under equilibrium
conditions, and the unfolding and refolding Kkinetics
suggest that the protein folds to the native state via a
transiently populated partially folded intermediate.
However, an unusual feature is the protein’s sensitivity
to low concentrations of protease, which in conjunction
with abnormal migration behavior on a gel filtration
column and rapid refolding and unfolding rates suggests
a dynamic and flexible structure. We have been able to
titrate the binding of p25a to monomeric tubulin in
solution using fluorescence spectroscopy, and we pre-
sent evidence suggesting that the proteins form an oli-
gomeric complex involving between 3 and 4 molecules
of tubulin per p25a molecule. A similar set of biophysi-
cal and tubulin-binding studies have been carried out
with p25aA3-43, a truncated version lacking the
N-terminal region which is absent in p258 and p25vy.
We found no significant differences between p25a and
p25aA3-43, confirming that the N-terminal region is an
unstructured region of the protein which does not con-
tribute to its stability; furthermore, p25«a’s ability to
bind monomeric tubulin does not involve this region.

Results

p25a is folded under physiological conditions
and unfolds cooperatively

p25a was purified to at least 95% purity using ion-
exchange and gel-filtration chromatography (Fig. 1). We
were able to reproduce the far-UV CD spectrum of bovine
brain p25a reported by Ovadi and coworkers (Hlavanda
et al. 2002) (Fig. 2A). Secondary structure analysis of
p25a’s structure using the k2d program (Andrade et al.
1993) predicts 15% «-helix, 30% B-helix, and 55% ran-
dom coil, but the fit is rather poor (data not shown),
suggesting unusual features in the protein structure.

p25(x p25a
116 A3-43
66

45
35

25

18,4
14,4 =

Figure 1. Purification of p25« (23.7 kDa) and p25aA3-43 (19.6 kDa)

after ion exchange and gel filtration chromatography.

1397

www.proteinscience.org



Otzen et al.

4 o =

L

IS

Molar ellipticity
x10%(deg em? dmol ™ residue )
& &

&

&

210 220 230 240 250
Wavelength (nm)

200 T T T

o
=]
T
!

Emission intensity (a.u.)
g g

0
300 320 340 360 380 400
Wavelength (nm)

Molar ellipticity
x10° (deg cm? dmol™)

. . . . .
250 260 270 280 290 300 310 320
Wavelength (nm)

FIF

|

1 Il
0 0.1 0.2 0.3 04 0.5 0.6

[Acrylamide] (M)

Figure 2. Spectral properties of p25«. (4) Far-UV CD spectrum of native (solid line) and denatured (stippled line [S M urea]) p25a. Native p25« is
predicted to have 15% a-helix, 30% B-sheet, and 55% random coil, although the fit to the predicted spectrum is not good (data not shown). (B)
Near-UV CD spectrum of native p25a. The peak at 280 nm indicates that the Trp residue experiences a well defined asymmetrical environment,
typical of the native state. (C) Fluorescence emission spectra of native (solid line) and denatured (stippled line [S M urea]) p25«. (D) Stern-Volmer
plot of the quenching of native () and denatured (o [5 M urea]) p25a. The slopes of the plots are 1.14 and 4.30 M, respectively, indicating that
the Trp is much more accessible to acrylamide in the denatured rather than the native state.

Nevertheless, p25a clearly has well defined secondary
structure, since addition of 5 M urea (well above the
midpoint of denaturation, see below) leads to a marked
loss of spectral intensity (Fig. 2A).

p25a has one Trp (residue 76) and three Tyr residues,
which provide convenient spectroscopic handles in the
aromatic region. There is a distinct peak centered around
280 nm in the near-UV CD spectrum of p25«a (Fig. 2B).
Since the near-UV CD spectrum reflects on the environ-
ment experienced by the aromatic side chains, we conclude
that the aromatic chains experience a structured and asym-
metric environment under physiological conditions. This is
corroborated by the fluorescence emission spectrum,
obtained by excitation at 295 nm, which is selective for
Trp residues. Here the intensity peaks at 330 nm, typical of
buried Trp residues (Fig. 2C). In the presence of 5 M urea,
there is a dramatic red shift to a peak around 355 nm
(Fig. 2C). The fluorescence spectrum of p25a in 5 M
urea, but not in buffer, bears a strong resemblance to the
fluorescence spectrum of p25a in phosphate buffer (pH
7.0) reported by Ovadi and coworkers (Orosz et al. 2004).
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A more direct test of the surface exposure of the Trp
residue in p25a is to quench its intensity in the presence
of increasing concentrations of acrylamide. The more
surface-exposed the Trp residue is, the more accessible it
is to acrylamide and the more its fluorescence will be
quenched (Lakowicz 1999). The slope of the plot in
Figure 2D (the Stern-Volmer constant kgy) is
1.32 £0.3 in PBS buffer alone and 521 +0.20 in 5 M
urea. This makes it clear that the Trp is much more
protected from quenching under physiological condi-
tions than in 5 M urea (Fig. 2D).

The NMR spectrum recorded in the absence of urea
shows signs of a folded structure: the chemical shifts are
dispersed, and 'H-signals are found between 0-0.7 ppm,
5-6 ppm, and 9-10 ppm (Fig. 3A).

Judging by the presence of the H* signals with a shift
greater than 4.7 ppm (which is indicative of B-sheet struc-
ture), the protein contains a very low amount of 3-structure.

Upon addition of 7 M urea, the chemical shift disper-
sion collapses completely, and no NMR signals indicative
of secondary structure remain (Fig. 3B). As was the case
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Figure 3. 1D NMR spectra of p25« in buffer (4) and buffer and 7 M urea (B). Note the loss of chemical shift dispersion in the region from 6-10
ppm (amide and aromatic protons) and the region from 0-0.7 ppm (the aliphatic region) in urea, suggesting unfolding.

for fluorescence, the spectrum in urea, but not in buffer,
resembles the "H-NMR spectrum reported for p25a by
Ovadi and coworkers (Kovacs et al. 2004).

To follow the nature of the conformational change at
increasing urea concentrations, we incubated p25a at
different concentrations of urea. This led to a marked
spectral shift, as indicated in Figure 2C, with an iso-
sbestic point around 335 nm that is retained over a
broad range of urea concentrations (data not shown).
The presence of this point is in itself indicative of a two-
state transition, i.e., only the native and denatured states
are significantly populated at equilibrium. A denatura-
tion curve is obtained with a denaturation midpoint
at 3.71 £0.02 M (using the ratio of the intensities at
320 nm and 335 nm) and 3.82 = 0.02 M (using the 354/
335 nm ratio) (Fig. 4A). This predicts a stability of
5.42 = 0.62 kcal/mol, which is considered low for a con-
ventional globular protein, whose AGp.n-values typi-
cally lie in the range 5-15 kcal/mol (Pace 1990). The
protein does not appear to be involved in any stabilizing
intermolecular interactions such as noncovalent dimer-
ization, since a 20-fold change in protein concentration
(from 1 to 20 wM) has no effect on the stability para-
meters (data not shown).

Another assay for a native fold is to cross-link the
protein under different solvent conditions. The rationale
is that the compact species should be more disposed
toward internal cross-linking than more extended species.
We used the primary amine-reactive cross-linking agent
BS3 (spacer arm length ~11.4 A). The experiment is per-
formed between 0 and 6 M urea; over this concentration
range, fluorescence data indicate that p25« will go from
completely folded to completely unfolded. As controls we
used lysozyme (which does not denature over this urea
concentration range) and the natively unfolded a-synu-
clein. a-Synuclein remains unaffected by BS3, while a

slightly faster-migrating lysozyme species is stabilized by
the cross-linker, indicating the formation of a more com-
pact (internally cross-linked) species in addition to the
uncross-linked species (Fig. 5, left panel). The p25« band
splits up into two bands, one migrating faster than the 25«
kDa band seen in the absence of BS3, and the other
migrating at ~25a kDa. The faster-migrating band gradu-
ally disappears above 3 M urea. As previously suggested,
the lysozyme and a-synuclein data indicate that internal
cross-linking by BS3 requires the presence of a native fold,
which is present in p25« below 4 M urea. This is consistent
with the urea-denaturation data, which indicate a transi-
tion occurring with a midpoint at ~3.7 M urea.

We also used analytical gel filtration to monitor the
expansion of p25a at increasing denaturant concentra-
tions. In the absence of buffer, p25« elutes with a Stokes
radius of 30 A (data not shown). For a globular protein,
this would correspond to a molecular mass of ~49 kDa
(Uversky et al. 1999). Given that the protein has a mono-
meric molecular weight of 23.7 kDa, this elution behavior
suggests either dimerization (which is unlikely, given that
p25a stability is independent of protein concentration, as
mentioned above) or a relatively expanded conformation.
Such an expanded monomer would not be completely
unfolded, however. For example, the natively unfolded
protein a-synuclein (molecular weight 14.5 kDa) elutes
with a Stokes radius of ~32 A, which for a globular
protein corresponds to an apparent molecular weight of
60 kDa. In addition, the elution volume of p25« decreases
by 10% in the presence of 6 M urea, where it is expected to
be unfolded; in contrast, that of a-synuclein, which is only
expected to undergo insignificant expansion under these
conditions, is reduced by only 4.5%.

The above data strongly indicate that p25« folds to
a well defined state under physiological conditions.
A partially folded state, such as a “molten globule,”
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Figure 4. Equilibrium and kinetic stability of p25a. (4) Equilibrium denaturation of p25« in urea, followed by the ratio of the emission intensities
at 327, 335, and 355 nm. e, 327/335 nm; O, 355/335 nm. (B) Time profiles of unfolding and refolding of p25« followed by stopped-flow. Both time
profiles are fitted to a single exponential decay with offset. (C) Log of the observed rate constants of folding and unfolding of p25a vs. [urea]. The
data are fitted to a three-state model (D <> I <> N) (Scheme 1). Results are given in Table 1. (D) Effect of [Na,SO,] on the log of the refolding rate in
0.5 M urea, where the intermediate accumulates transiently. The rise in refolding rates with [Na,SOy] is consistent with the scenario that the
intermediate is on-pathway.

would not be expected to have a strong near-UV CD
peak or to be protected so well against quenching.
Another test for the existence of a partially folded
state is to investigate the ability of p25a to bind the
hydrophobic probe ANS' (8-anilino-1-naphthalenesul-
fonic acid). ANS is typically used to test for the presence
of hydrophobic patches in partially folded conforma-

increases ANS fluorescence by <25% (data not shown),
indicating no significant binding.

Folding of p25a occurs via a transient intermediate

To probe the stability of p25« in more detail, we mea-
sured the rates of the protein’s folding and unfolding.

tions (Goto and Fink 1989; Semisotnov et al. 1991),
binding to which typically increases ANS fluorescence
by more than an order of magnitude. However, p25a

The kinetic profiles for both folding and unfolding
yielded single exponential decays (Fig. 4B). The log of
the observed rate constant versus [urea] is shown in
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BS3: -+ + + 4+ o+ + +
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Figure 5. (Left panel) Cross-linking of p25a, lysozyme, and a-synuclein with BS3 at different urea concentrations. BS3 cross-linking leads to the
formation of a second faster-migrating band in the case of p25a and lysozyme (indicated by arrows), which for p25«a disappears at higher urea
concentrations. (Right panel) Digestion of p25« and lysozyme in the presence of various concentrations of protease. (4) p25« in PBS buffer with
trypsin. (B) p25a in 0.5 M Na,SOy4 with trypsin. (C) p25« in PBS buffer with chymotrypsin. (D) Lysozyme in PBS buffer with trypsin. The numbers
on the gel indicate the fraction of protease relative to p25« or lysozyme (w/w). Note that the digestion pattern for p25« is the same when we
stabilize the native state (in 0.5 M Na,SOy).
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Figure 4C. Under unfolding conditions (above ~4 M
urea), the log of the rate constant increases linearly with
[urea], indicating that unfolding occurs without an inter-
mediate. However, under refolding conditions there is a
marked “rollover” below ~2 M urea, which is the hall-
mark of a folding intermediate (Tanford 1970; Baldwin
1996). The rollover can generally be attributed to a
switch in the ground state from which folding occurs,
namely from the intermediate state at low urea concen-
trations and the denatured state at higher concentra-
tions (where the intermediate is destabilized and
therefore does not accumulate).

Based on this plot alone, we cannot distinguish between
an on-pathway intermediate I (D <> 1<+>N) and an off-
pathway intermediate C (C<«> D <> N) (Baldwin 1996).
Both pathways can be fitted satisfactorily to the kinetic
data and yield identical predictions of the stability of the
native state. Complete resolution of the pathway requires
us to measure the rate constants for formation and decay of
the intermediate (Capaldi et al. 2001), which is beyond our
technical scope. However, there is a simple assay, using
sodium sulfate, which under favorable circumstances can
distinguish between the two scenarios. Inorganic salts such
as sodium sulfate favor compact protein conformations
because they are preferentially excluded from the protein
surface (Timasheff 2002). In addition to stabilizing the
native state, these salts will also induce partially structured
states to accumulate during the refolding process. Accumu-
lation of a folding intermediate will have a profoundly
different effect on folding rates, depending on whether it
is on-pathway or off-pathway. In the off-pathway scenario,
the folding rate is limited by the fraction of the protein
which is in the denatured state D (fp = [D]/(D] + [C]),
and the more Cis stabilized by salts relative to D, the slower
the observed folding rate. In contrast, the on-pathway
scenario leads to the folding rate being limited by the frac-
tion f; = [IJ/([1] + [D]), and the more I is stabilized, the
faster the rate should be. Under conditions where folding
occurs directly from the denatured state and the intermedi-
ate does not accumulate, folding rates should in both sce-
narios be accelerated by salt. We showed previously that the
intermediate, which accumulates when the ribosomal pro-
tein S6 folds in the presence of Na,SOy, by this criterion is
off-pathway, since salt slows down folding (Otzen and
Oliveberg 1999), and we obtained similar results for the
folding intermediate of Bet v 1 (Mogensen et al. 2004). In
the case of p25a, however, salt accelerates folding markedly
in 0.5 M urea where the intermediate accumulates signifi-
cantly (Fig. 4D), suggesting that the intermediate is on the
path between the denatured and native state.

The kinetic data are analyzed according to equation 4
as listed in Table 1. Due to the relative uncertainty of
the refolding rate constants obtained at low denaturant
concentrations, the slope of the chevron plot in the

Table 1. Biophysical parameters for p25a and p25aA3-43
obtained from equilibrium and kinetic experiments

Parameter P25 p25aA3-43
ksv (PBS buffer) (M~ 1.32+0.03 2.44+0.11
ksy (5M urea) (M~ 1)? 521+0.20 9.28+0.20
[urea]®®” (equilibrium experiment) (M)®  3.76 =0.03 3.84*0.10
[urea]®®” (kinetic experiment) (M)° 3.62+0.25 -
mp.Sauibrium (g —1yd 1.06 +0.12  0.95*0.11
mpeie (M—he 1.27 = 0.05 -
T (s 164.5+ 1.4 -
e Ve (s7h 2.01 £0.28 -
my M) 0.12+0.01 -
K 453 +28 -
m (M) —1.15+0.05 -
AGpcauitierium (g eal mol ™1 542+0.62 4.96+0.59
AGp.NN" (kecal mol )2 6.21 +0.23 -

All experiments at 25°C in PBS pH 7.4 and 2 mM DTT.

#Data from a Stern-Volmer plot (Fig. 2D; equation 1).

®The average of the two plots in Fig. 4A. Data fitted to equation 2.
“The urea concentration at which [N] = [D], which means that [N]/
[D] = [N)/[I] * (1}/[D] = K; * k¢/k, = 1 (cfr. equation 3).

4 Obtained from equation 2.

S mp U =y + mp — my. mp is set to zero because of the narrow
denaturant concentration range over which this parameter can be
determined.

fCalculated from the relationship AGp.n = —RT In(10)*mp n*[urea]
(Pace 1986).

€ Calculated from the relationship AGp.n = —RT In(10)log(keK1/K,).

50%

rollover region (mg) has been set to zero for simplicity.
Our kinetic data predict that the native state is stabilized
by 6.21 = 0.23 kcal/mol relative to the denatured state,
within error the same as the data obtained from equili-
brium denaturation experiments. In addition, the sum of
the kinetic m-values (1.27 =0.05 M) is close to the
equilibrium m-value (1.06 = 0.12 M~ "). Taken together,
these observations suggest that the folding behavior of
p25a is described satisfactorily by a simple three-state
model, and it is not necessary to invoke any additional
states to describe our system (cf. Fersht 1999).

p25« is sensitive to proteolysis

While p25« by all spectroscopic approaches appears to
behave as a normal cooperatively folded protein, the gel
filtration analysis suggested that the protein is relatively
expanded. We decided to probe this in more detail using
proteolysis. Resistance to proteolysis is often used as a
criterion for the integrity of a protein’s structure (Tsai
et al. 2002). We therefore incubated the protein with
decreasing concentrations of trypsin, which cleaves after
the basic residues Lys and Arg. At [p25a]:[trypsin] ratios
between 1:107! and 1:107% p25a was completely
degraded by trypsin after 1 h at 37°C (Fig. 5A). In con-
trast, hen egg white lysozyme, which has a compact folded
structure, remains completely intact under the same con-
ditions (Fig. 5D). p25a contains an unusually large
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number of basic residues (26 Lys and 15 Arg out of a total
of 219 residues), which might dispose the protein toward
digestion despite a well consolidated fold. However, we
obtained similar results with chymotrypsin, which cleaves
after aromatic and large hydrophobic side-chains (Fig.
5C). To test whether trypsin degraded the unfolded state
of p25a or the native state, we shifted the conformational
equilibrium toward the native state (in 0.5 M Na,SOQy,),
but as shown in Figure 5B, this did not appreciably alter
the trypsin susceptibility (inhibition of trypsin activity in
urea prevented us from drawing firm conclusions from
similar experiments in 1 M urea). This suggests that tryp-
sin is able to degrade the native state, which is the major
species under all these conditions.

p25aA3-43 is just as stable as p25a

Amino acid residues 3—43 in p25a are absent in the close
homologs p25B and p25y (Zhang et al. 2002). The trun-
cated protein p25aA3-43, lacking these residues, was
produced (Fig. 1) and subjected to a biophysical analy-
sis. Like p25a, the protein undergoes a marked change
in its fluorescence spectrum upon transfer from zero to
5 M urea (Fig. 6A), although the increase in intensity of

the native state relative to the denatured state
250 T T T T
> 200
3
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(compared to p25a) shifts the isosbestic point from
335 to 340 nm. The midpoint of denaturation is 3.84 =
0.10 M (Fig. 6B), which translates to a stability of
4.59 = 0.59 kcal/mol, only slightly less than that of
p25a (Table 1). Quenching experiments provide a
Stern-Volmer constant of 2.40 +0.03 M~ in PBS and
8.56+0.29 M~ in 5 M urea (Fig. 6C), again showing
that the protein undergoes a significant structural
change upon transfer from zero to 5 M urea, although
the absolute values have increased for both the native
and denatured states compared to p25a.

Interaction between p25a/p25aA3-43 and tubulin

As previously mentioned, Ovadi showed that the spec-
trum of bovine p25a incubated with tubulin in a 2.8:1
ratio had a smaller intensity than the spectrum predicted
from the sum of the individual components (Hlavanda
et al. 2002). This suggests interactions between the two
proteins, with complex formation leading to loss or altera-
tion of structure. We are able to reproduce these results
for both recombinant human p25« and p25aA3-43
(Fig. 7A,B), indicating that the truncated version of
p25a is still able to bind tubulin. Similar results are
obtained by fluorescence; although there is no shift in

[Urea] (M)

Figure 6. Biophysical properties of p25aA3-43. Data summarized in Table 1. (4) Fluorescence emission spectra of native (solid line) and denatured
(stippled line [S M urea]) protein. (B) Equilibrium denaturation in urea, followed by the ratio of the emission intensities at 327 and 340 nm. (C)
Stern-Volmer plot of the quenching of native (e) and denatured (o [5 M urea]) protein.
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Figure 7. Spectroscopic alterations induced in the p25a:tubulin (4,C) and p25aA3-43:tubulin (B,D) complexes as measured by far-UV CD (4,B)
and Trp fluorescence (C,D). The actual spectrum of the complex is denoted by the stippled line with O; the mathematical sum of the spectra of the
two protein components is denoted by the joined line with e. The difference is indicated by the stippled line with x. For clarity, spectra of free p25a

and tubulin are omitted.

peak maximum, the tubulin:p25a complex has a 20%
reduced intensity compared to the sum of the individual
proteins (Fig. 7C), while the reduction is ~10% for the
tubulin:p25aA3-43 complex (Fig. 7D).

This reduction in fluorescence induced by binding
between the two components provides us with a sensitive
method to monitor the binding of p25« and p25aA3-43 to
tubulin. We have therefore titrated p25a and p25aA3-43
into a tubulin solution in small steps while measuring the
fluorescence (cf. equation 4). The difference between the
measured fluorescence and that expected from the contri-
butions of the individual components (Fexp — Fops) 18 an
indication of the extent of binding between tubulin and
p25a. In the absence of any interaction, the difference
should remain zero throughout. However, a plot of
Foxp — Fobs versus the ratio between p25a (or p25aA3-43)
and tubulin reveals that Fey, — Fops rises steeply at low
[p25a]:[tubulin], before it reaches a constant level (Fig. 8)
Remarkably, the data indicate that binding is saturated
well below a ratio of one p25« per tubulin molecule. This
makes it clear that the data cannot be analyzed with a
simple 1:1 binding model.

Binding isotherms involving simple 1:1 binding
stoichiometry, in which excess ligand is titrated into
the protein solution, often reach saturation at

ligand:protein ratios well above 1 if the dissociation
constant Ky is well above the protein concentration P.
Let us designate p25« as the ligand and tubulin as the
protein. If P is well above Ky, saturation by ligand
binding would occur around a ligand:protein ratio ~1,
since there is enough protein present to push all added
ligand into complex. If, on the other hand, P is below
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Figure 8. Titration of tubulin with p25« () and p25aA3-43 (0). The
difference Fexp — Fops (Where Fiy, is the mathematical sum of the
fluorescence of the two protein components and F, is the measured
fluorescence) is plotted vs. the ratio of the two protein components.
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K4, saturation will now occur at protein:ligand ratios
well above 1. Therefore saturation at ratios of
[p25a]:[tubulin] well below 1 when p25a is being titrated
into tubulin must reflect departure from simple 1:1
stoichiometry.

We can instead analyze the data as a simple titration
plot (rather than a binding isotherm), in which it is
assumed that all the added p25« binds to tubulin in the
initial titration steps until all tubulin-binding sites are
saturated. In this way we obtain an intersection between
the linear titration part of the plot and the maximum
value of the plot at a [p25a]:[tubulin] of 0.24-0.32, sug-
gesting that up to 3—4 tubulin molecules can bind to each
p25a molecule. Essentially the same results are obtained
for p25aA3-43. Because of the difficulty of separating
contributions from tubulin and p25«, however, we have
not been able to estimate with sufficient precision the
concentration of free tubulin at each [p25a]:[tubulin]
value, and consequently a Scatchard analysis was not
able to provide further insight (data not shown).

Structural changes are specific to tubulin and are not
caused by polyanions, lipids, or nucleotides

p25a has a strongly basic domain in common with other
tubulin-binding substances such as the binding domains
of microtubule-binding proteins like tau and MAP2 as
well as cationic substances such as DEAE-dextran, pro-
tamine, melittin, and spermidine (Wolff 1998). Never-
theless, the structural effect of tubulin on p25a cannot
be mimicked by simple negative charge. We did not
observe any effect of polymeric anions such as heparin,
hyaluronic acid, carrageenan, xanthan, or alginate or
negatively charged cyclodextrins such as sulfated
B-cyclodextrin or carboxymethyl-cyclodextrin on the
structure of p25x, as monitored by fluorescence or
CD. Nor did zwitterionic (phosphocholine) or anionic
(phosphoglycerol) phospholipids alter the structure or
proteolytic sensitivity of p25«, although addition of
phosphoglycerol led to extensive aggregation, probably
due to unspecific electrostatic association (data not
shown). Therefore, the basis of the specificity between
p25a and tubulin must involve structural specificity,
rather than simple electrostatics. Similarly, no structural
changes were observed in the presence of ATP or GTP
(data not shown), despite the existence of a nucleotide-
binding Rossmann fold in the p25a sequence.

Discussion

p25a is folded but has a flexible structure

The first objective of this study was to establish whether
p25a is natively folded. Prior to this study, the protein’s
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unusual far-UV CD spectrum indicated a low level of
organized secondary structure (Hlavanda et al. 2002),
much less than that predicted by sequence analysis. In
addition, spectroscopic evidence had been presented
suggesting that the protein is natively unfolded (Kovacs
et al. 2004; Orosz et al. 2004).

Our work clearly shows by a number of mutually
reinforcing methods that human recombinant p25a
behaves like a conventional monomeric folded protein.
It is folded according to far- and near-UV CD, fluores-
cence and NMR spectroscopy, unfolds cooperatively
under equilibrium conditions, and can be internally
cross-linked like other natively folded proteins. Further-
more, it appears to fold via an “on-pathway” partially
folded intermediate, in common with many other pro-
teins of the same size (Matouschek et al. 1990; Parker
et al. 1995, 1998; Nolting et al. 1997), indicating a well
organized accumulation of structure.

We find it difficult to explain the divergence between
our data and those of Ovadi and coworkers (Kovacs
et al. 2004; Orosz et al. 2004). There is no doubt that we
are working with the same protein, since the far-UV CD
spectra are essentially identical in buffer, and both pro-
tein samples undergo spectral changes upon binding
tubulin. Since we have shown that p25«a undergoes a
dramatic change in its far-UV CD spectrum upon
unfolding in urea, this suggests that the Ovadi p25«
sample should also be folded. However, the fluorescence
and NMR spectra recorded by Ovadi and coworkers (in
10-20 mM phosphate buffer [pH 7.0]) correspond to our
spectra for p25a in 5-7 M urea. One difference is that
we are working with recombinant p25«, while Ovadi
and coworkers purify p25a from bovine brain in the
presence of 5 mM EDTA. Thus there could be at least
three reasons for the difference in behavior. Firstly,
p25a could bind a metal ion which is removed in the
presence of EDTA, leading to unfolding. Metal ions are
known to bind and induce structure in natively unfolded
proteins (Uversky and Narizhneva 1998). However, this
option can be discounted for p25« since we find that
p25a unfolds in an identical fashion in the presence and
absence of 5 mM EDTA (data not shown). Secondly, a
brain component copurifying with p25« could keep the
protein unfolded, and this component would naturally
be absent in E. coli. Nevertheless, such a component
would presumably have to be present at stoichiometric
concentrations and would therefore have been identified
by SDS-PAGE analysis. Even if such a component
existed, it does not resolve the discrepancy between the
CD and fluorescence/NMR spectra presented by Ovadi
and coworkers. Thirdly, p25«a from bovine brain could
be post-translationally modified, leading to an unfolded
state. This possibility cannot be ruled out, although it
would be without precedent.
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Nevertheless, although we have shown that p25a is
natively folded, it is unusually sensitive to proteolysis
under physiological conditions. The sensitivity must be
linked to the structure of the native state. It cannot be
ascribed to the protein’s relatively low stability, first
because even a stability of 5.4 kcal/mol predicted for
p25a leads to only 0.01% denatured protein in the
absence of denaturant, and secondly because it persists
in the presence of stabilizing salts favoring the native state.
This could indicate either that the protein is inherently
dynamic and flexible, or that it contains a number of
exposed loops that provide a point of attack for proteases
(both trypsin and chymotrypsin). It is also possible that
the protein contains several domains linked by flexible
linker regions that would be the first points of attack by
proteases, followed by proteolysis of the isolated domains.
These domains could be arranged in an extended fashion
rather than being tightly bound in a globular structure.
That could explain the abnormal elution behavior of p25«a
on the gel filtration column, where the protein elutes with
an apparent molecular weight of ~50 kDa rather than the
expected 24 kDa, although there is no indication of dimer-
ization. Although these domains may unfold as separate
units during chemical denaturation, this will not necessa-
rily be visible as independent transitions. Overlapping
denaturation curves can merge to an apparent single dena-
turation transition. However, the appearance of a transi-
ent folding intermediate could be ascribed to the folding
of one domain prior to another during the folding process.
This has been observed for, e.g., barnase, where the inter-
mediate mainly consists of contacts within the domain
consisting of the major a-helix and the central strands of
the B-sheet (Matouschek et al. 1992). Full elucidation of
the modular structure of p25a requires more detailed
structural information, e.g., by NMR or X-ray crystal-
lography, although the flexibility suggested by our data
will probably pose challenges for crystallization.

Some flexible regions of the protein can already be
identified by indirect means. If a terminal part of a protein
is unstructured, then it should not contribute to the pro-
tein’s stability, since it will not by itself contribute to the
stabilization of the native state by, e.g., side-chain con-
tacts and docking of secondary structure elements. The
small difference in structural stability between p25a and
p25aA3-43 suggests that the deleted N-terminal region
(up to residue 43) is largely unstructured. This agrees
well with the prediction by Orosz et al. (2004), where
residues 1-47 have disorder values above 0.8 (a value of
1.0 indicates that the residue is fully disordered). Similar
small effects on stability have been observed for other
proteins in which unstructured regions have been deleted,
e.g., CI2 (cf. the stabilities measured in Jackson and
Fersht 1991 and Jackson et al. 1993). In contrast, deletion
of even a small number of terminal residues which are

integrated into a protein’s structure can have significant
deleterious effects on stability (De Prat Gay et al. 1995;
Hamill et al. 1998).

Biological implications of a flexible structure

While p25a is not unfolded under physiological condi-
tions, its protease sensitivity is shared with another
group of proteins, namely those which are natively
unfolded. A growing number of such proteins have been
reported (for reviews, see Dunker et al. 2002a; Dyson and
Wright 2002; Tompa 2002; Uversky 2003) which in many
cases only assume structure upon binding to specific pro-
tein partners (e.g., Uversky et al. 2000; Dunker et al.
2002b; Muro-Pastor et al. 2003; Lacy et al. 2004). Differ-
ent reasons for their unfolded state have been proposed,
including interactions with a larger number of proteins,
reduced sensitivity to environmental perturbations (Lee
et al. 2001), and a greater “capture radius” during the
binding and folding process (Shoemaker et al. 2000). Of
particular relevance for p25a may be the fact that struc-
tural flexibility and its accompanying protease sensitivity
provides a useful additional level of control in cellular
signaling processes, in which a response needs to be
rapidly turned on and off. p25a’s suggested involvement
in signaling cascades via the protein kinase C family
(Yokozeki et al. 1998) and modulation of microtubule
dynamics (Tirian et al. 2003) would require fine-tuning
of its cellular population levels, which could be provided
by protease-sensitivity. However, these speculations will
have to be substantiated by further experiments, e.g., by
detection of proteolytic fragments or by testing the phy-
siological function of a p25« variant engineered to
decrease its protease sensitivity.

p25a’s flexibility may also be relevant for its ability to
bind tubulin both as monomers and polymers and
assemble multiple monomers into microtubules (Tirian
et al. 2003), although the partial loss of structure seen in
the tubulin:p25a complex could in principle come from
tubulin as well as p25«.

Nature of the complex formed between p25c and tubulin

Our titration data suggest that p25« is able to form oli-
gomeric complexes with tubulin, in which 3—4 molecules
of tubulin may engage each p25a molecule at very low
[p25a]-[tubulin] ratios. This ties in well with the ability of
substoichiometric concentrations of p25« to induce large
alterations in microtubule behavior (Hlavanda et al
2002). The extended state of p25a suggested by the gel
filtration data would also provide a relatively large bind-
ing surface which might facilitate contact to several tubu-
lin molecules. Our data are at odds with those of Ovadi
and coworkers (Tirian et al. 2003), who presented elegant

1405

www.proteinscience.org



Otzen et al.

surface plasmon resonance (SPR) results consistent with
the formation of a 1:1 complex between tubulin and
p25a with an estimated Ky of 0.2 pM. A drawback of
the SPR technique in this context may be that tubulin
must be immobilized on a sensor chip, and this treatment
is likely to hinder it from engaging in oligomeric contacts
that may occur in solution and that may increase the
affinity substantially. In solution, p25a appears to be
tightly bound to tubulin at concentrations of 0.1 pM
and less. However, it is inherently not feasible to estimate
K4 accurately from a titration curve which assumes tight
binding between the two components.

Formally we cannot rule out that the substoichiometric
influence of p25a on microtubular morphology could
occur by 1:1 complexation with a small fraction of the
tubulin molecules which subsequently seed the formation
of aberrant tubulin structures. There is probably a spec-
trum of different stoichiometries, leading to a displace-
ment of the population of complexes toward smaller
p25a:tubulin  complexes as [p25a]:[tubulin] increases.
This may also explain why the titration data in Figure 8
are not entirely linear at low p25« concentrations, but
curve downward. Unfortunately, the narrow concentra-
tion range over which this shift occurs prevents us from
distinguishing different populations of complexes,
although future experiments with more sensitive equip-
ment such as analytical centrifugation and a light scatter-
ing apparatus may shed more light on this issue.

Materials and methods

Materials

Bovine brain tubulin (>99% pure) was from Cytoskeleton.
BS3 was from Pierce.

Purification of p25a and p250/A3-43

cDNA coding for human p25a ¢cDNA was amplified by reverse
transcription polymerase chain reaction (PCR) from a human
fetal brain mRNA library (Clontech) using the primers p25a 5
5'-CACCCATGGCTGACAAGGCCAA-3, p25a 3:5-CACG
GATCCCTACTTGCCCCCTTGCAC-3. For expression of
native p25a, the PCR fragment was inserted in the pET-11d
vector (Novagen). For expression of p25a¢A3-43, a deletion
mutant lacking residues 3-43, a pET-11d vector was generated
using the pET-11d p25« vector as template and the following
primers (DNA Technology): 5-CACGGATCCTACTTGCC
CCCTTGCAC-3' and 5-CACCCATGGCTGCATCCCCT
GAGCTCAGT-3'. Correct insertion was verified by DNA
sequencing (MWG-Biotech). For protein purification, E. coli
BL21 (DE3) cells (Stratagene) were transformed, pelleted, and
lysed by sonication on ice in buffer A (50 mM NaH,PO,
[pH 8.2]). The soluble proteins were heated to 100°C for 10
min, and the heat-denatured proteins were removed by centrifu-
gation. Heat-stable proteins were loaded onto a Poros HS50
cation column (PerSeptive Biosystems), which was eluted by a
double linear gradient, first by buffer B (1 M NaCl, 50 mM
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NaH,PO, [pH 8.2]) and subsequently by buffer C (1 M NaCl,
50 mM NaH,PO, [pH 12]). p25« eluted shortly after the pH
exceeded pH 8.2. The final purification and buffer exchange
was done on a GF75 gel filtration column (Amersham Pharma-
cia) that had been pre-equilibrated with 7 M urea, 120 mM NaCl,
20 mM Na-phosphate (pH 7.4) (PBS) supplemented with 1 mM
DTE in order to avoid unspecific dimerization via the three
free Cys residues. Mass spectroscopic analysis led to a mass
deviating only 0.06% from the theoretical mass (23,693.7 Da).
Furthermore, on 2D gels the recombinant p25« migrates in a
fashion very similar to that of p25« purified from bovine brain
(Lindersson et al. 2005). Thus chemical modification of p25«a due
to heating at 100°C is likely to be insignificant.

Analytical gel filtration chromatography

This was performed on a Superdex 75 PC 3.2/30 column
(Amersham Pharmacia) connected to the SMART system
chromatographic unit (Amersham Pharmacia). Fifty pg
human recombinant p25« was diluted in elution buffer
(PBS [pH 7.2], 1 mM DTE, 0-6 M urea) to a final volume of
50 pL and loaded onto the column pre-equilibrated with the
elution buffer. p25a was eluted using a constant flow rate of
50 pL/min, and elution was monitored at 280 nm. The elution
volumes of the five molecular markers (12.5-158 kDa from
Amersham Pharmacia) were compared to that of p25a to
determine its molecular size in different concentrations of
urea. To ensure that the size-exclusion properties of the col-
umn do not change with increasing urea concentrations,
human recombinant p25« was included as a control. Fifty g
a-synuclein was loaded onto the column and run at identical
conditions to those used for p25a.

Equilibrium fluorescence studies

Urea denaturation experiments were carried out at protein
concentrations of ~2.5 wM in PBS buffer (pH 7.4) and
2 mM DTT at 25°C. DTT was included to avoid unspecific
dimerization via the three free Cys residues, and 10 M urea
stock solutions were prepared fresh on a daily basis. For
equilibrium denaturation experiments, each protein sample
was allowed to equilibrate ~2 h before measurement. Equili-
brium fluorescence studies were carried out by excitation at
295 nm, measuring emission at 310-380 nm (slit widths 4 nm)
on an LS-55 spectrofluorimeter (Perkin-Elmer). ANS binding
studies were performed with 40 puM ANS and 2 pM p25a in
PBS buffer (pH 7.4), and 2 mM DTT at 25°C. Excitation
was at 360 nm, and emission was recorded between 400 and
600 nm. Quenching studies were performed by adding aliquots
of acrylamide from a 1.5 M stock solution to p25a (initial
concentration 4-7 pM protein) and recording the emission
intensity at 330 nm (native state) or 354 nm (denatured state)
upon excitation at 295 nm. The solution was continually
stirred with a small magnet and was allowed to equilibrate
for a few minutes between each reading.

Stopped flow studies

Kinetic fluorescence measurements were performed on an
Applied Photophysics SX18MV stopped-flow apparatus with
a 2-nm slit width and a 320-nm glass filter. Stopped-flow
fluorescence folding and unfolding experiments were initiated
by 10-fold dilution of the protein from 5.5 M and 0 M urea,
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respectively, to the appropriate final urea concentrations in
PBS buffer (pH 7.4), and 2 mM DTT. This allowed us to
measure over the range 0.5-9.1 M urea. Data were fitted to a
single exponential with offset. It was not necessary to include
drift or additional kinetic phases. All signal changes occurred
within the first few seconds, and recording over longer time
scales did not reveal any additional phases.

Circular dichroism

All circular dichroism (CD) studies were performed on a Jasco
J-715 spectropolarimeter (Jasco Spectroscopic) with a Jasco
PTC-348W temperature control unit. Spectra were recorded in
a 0.1-cm path length cuvette with resolution 0.2 nm, bandwidth
1.0 nm, sensitivity 50 mdeg, response 2.0 sec, and speed
20 nm/min at 25°C. Three scans were averaged to yield the final
spectrum. Protein concentrations were 20 wM (far-UV CD,
250-205 nm) and 200 wM (near-UV CD, 320-250 nm).

Cross-linking with BS3

Fifteen uM protein was incubated with 0-6 M urea and PBS
plus 1 mM DTE for 30 min at room temperature while shak-
ing. Bis(sulfosuccinimidyl)suberate (BS3) (Pierce) (1 mM for
p25a and a-synuclein, 5 mM for lysozyme) was added to the
sample, and after 1 min the reaction was quenched with SDS
loading buffer containing 25 mM Tris (pH 6.8), 4% SDS, and
40% glycerol. Higher concentrations of BS3 than 1 mM gave
fuzzy bands for p25a and a-synuclein.

Interactions between p25a and tubulin

Typically, 800 wL of a 3 wM solution of tubulin was added to
a 1.7-mL quartz cuvette, and p25« or p25aA3-43 was added in
small-volume steps from a 30-40 wM stock solution. The
solution was continually stirred with a small magnet. After
each aliquot had been added, the solution was allowed to
equilibrate for a few minutes before the measuring of fluores-
cence intensity Fyps (excitation at 295 nm, emission at 337 nm,
excitation and emission slit widths 5 nm). Intensities of the
p25a or p25aA3-43 stock solutions were recorded separately in
the same cuvette prior to the titration experiment. For p25a
and p25aA3-43, protein concentrations in PBS buffer and
1 mM DTT were determined by a bicinchoninic acid assay
using the BCA Protein Assay Kit (Pierce), which tolerates up
to I mM DTE and DTT. The concentration determined in this
way diverged by only ~20% from the less accurate approach
of using the protein extinction coefficients at 280 nm, based on
the content of Trp, Tyr, and Cys (Gill and von Hippel 1989).
Tubulin concentrations were based on weighed aliquots
provided by the manufacturer. This diverged by only 5%
from the concentration estimated from the calculated extinc-
tion coefficient.

NMR spectroscopy

NMR spectra were acquired on a BRUKER DRX600 NMR
spectrometer equipped with a xyz-gradient TXI (H/C/N)
probe. Spectra were recorded at 298 K. The protein was con-
centrated to a final volume of 350 wL with a concentration of
5 mg/mL. The sample contained | mM DTT, 5% DO, and
had a pH of 6.5.

Data analysis

Quenching studies

The ratio F,/F, where F, is the fluorescence intensity in the

absence of acrylamide and F the intensity at different acryla-
mide concentrations, was plotted versus acrylamide concentra-
tion. The data were fitted to the following equation:
S (1)
where F, is the fluorescence in the absence of quencher (acry-
lamide), kgv is the Stern-Volmer constant, [Q] is the concen-
tration of quencher, and Ky is a constant that takes into
account static quenching (Lakowicz 1999). Static quenching
is more pronounced in the denatured state, where the aromatic
residues are more exposed.

Equilibrium denaturation

To take into account small variations in protein concen-
tration in the different urea aliquots, we calculated the ratio
LN L osbestics Where Lai® is the wavelength of maximum
emission in the native state (327 nm) and Iisospesic 1S the
wavelength at which the intensities of the native state and
denatured state are the same (335 nm for p25a and 340 nm
for p25aA3-43) and therefore can be taken as a measure of
protein concentration. This ratio was plotted versus urea
concentration, and the data were fitted to an equation assum-
ing a linear dependence of the pre- and post-transition base-
lines on urea concentration (Pace 1986; Clarke and Fersht
1993):

e ay + Bylurea) + (ap + B [urea])10’""*"”([”’"”]’“r""m)
Lisodichroic B 1+ 10m0- ([urea]—urea*)

2

where ay and ap denote the signal at 0 M urea for the native
and denatured state, By and Bp are the slopes of the baselines
of the native and denatured states, mp.y is the linear depen-
dence of the log of the equilibrium denaturation constant Kp_
~ on urea, and urea®®” is the urea concentration where 50%
of the protein is denatured.

Kinetic analysis

The observed rate constant k.,s was plotted versus urea
concentration, and the data were analyzed according to a
model involving an on-pathway folding intermediate (Scheme
1) (Baldwin 1996):

KI kt
D— 1 ? N (Scheme 1)

10 (log k" +-my [urea] )

log kobs = log( + 10(10gknuler+mu [urea]))

1+ 10" (log K omy [urea])
3)

where K; = [I]/[D] whose log value depends linearly on [urea]
with a slope of my, while k¢ and k, are refolding and unfolding
rate constants whose log-values depend linearly on [urea] with
slopes of mg and m,, respectively. my is set to zero because of the
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narrow denaturant concentration range over which this para-
meter can be determined.

Titration of tubulin with p25a and p25aA3-43

The fluorescence emission intensity Fey, expected from the
titrated solution in the absence of interactions between tubulin
and p25a or p25aA3-43 was calculated as follows (taking into
account the effect of dilution of both tubulin and p25«a or
p25aA3-43 during the titration experiment):

Vmbu/in P25 % Vp25
Vtubulin + Vp25 Vtubu/in + Vp25

where 1,/ and I/% are the fluorescence intensities of the
tubulin and p25a or p25aA3-43 stock solutions, while V,.in
and V)25, are the volumes of the tubulin solution (800 wL) and
added p25a or p25aA3-43 (0900 wL).

The difference Feyp — Fobs (Where Fop,s is the measured
fluorescence) was plotted versus the ratio [p25«]:[tubulin] or
[p250A3-43]:[tubulin].

tubulin
Fop =1,
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