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1. Introduction

The function of a protein is generally related to its
structure [1] (e.g., the three-dimensional arrange-
ment of the amino acid residues) and physical ele-
ments such as charge distribution, van der Waals in-

teractions and the hydrogen-bond network of the
folded protein. Biophysical research has investigated
protein structure and its effect on protein function
for many decades [2] and the ability to modify the
conformation of a protein by locally changing its
structure is of considerable interest for many ap-
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The irradiation of the complex formed by meso-tetrakis
(sulfonatophenyl) porphyrin (TSPP) and tubulin was in-
vestigated as well as its effects on the structure and func-
tion of the protein. We have used tubulin as a model
target to investigate whether photoactive ligands docked
to the protein can affect the structure and function of
the protein upon exposure to visible light. We observed
that laser irradiation prompts bleaching of the porphy-
rin which is accompanied by a sharp decrease (�2 ns) in
the average fluorescence lifetime of the protein and a
change in the dichroic spectrum consistent with a de-
crease of helical structure. The result indicated the photo-
induced partial unfolding of tubulin. We also observed
that such partial conformational change inhibits the for-
mation of microtubules in vitro. We investigated whether
photosensitization of reactive oxygen species was respon-
sible for these effects. Even upon removal of O2 the pro-
tein still undergoes conformational changes indicating
that irradiation of the bound porphyrin does not require
the presence of O2 to prompt conformational and func-

tional effects opening the possibility that other mechan-
isms (e.g., charge transfer) are responsible for the photo-
induced mechanism.

AFM images of microtubules before and after irradia-
tion of the tubulin/TSSP complex which show how irra-
diation of the ligand prevents the formation of organized
microtubules.
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plications because of the correlation between the
structural integrity of a protein and its function. One
novel method of locally unfolding a protein involves
the use of a light activated ligand which triggers
photophysical events capable of prompting confor-
mational changes in the polypeptide. Such approach
can be used to prompt a localized conformational
modification that maintains the substantial structural
integrity of the protein rather than producing mas-
sive unfolding. Photoisomerization [3, 4] as well as
photosensitization of singlet oxygen [5, 6] have been
suggested as mechanisms to prompt conformational
changes in peptides and proteins. Our group has de-
monstrated that irradiation of ligands can alter the
structure of proteins with mechanisms that do not
depend on isomerization or oxygen sensitization [7,
8]. What was the initial biomedical investigation, has
now morphed into a more basic biophysical ap-
proach to address the questions raised by the effects
of laser irradiation on proteins. For instance, using a
combination of Resonance Raman Spectroscopy
(RRS), density functional theory (DFT) and docking
simulations we have started to address the problem
of establishing the location of the ligand [9]. We de-
monstrated that the approach is promising by estab-
lishing that certain porphyrins are able to prompt
conformational changes in small globular proteins
[7, 8]. In this study, we have adopted a different pro-
tein model (tubulin) and investigated the effects of
the irradiation of a water-soluble porphyirn ligand
(meso-tetrakis (sulfonatophenyl)porphyrin, TSPP)
on the structure of the protein. Compared to pre-
vious models tubulin offers the opportunity to test
the functional effects of the photoinduced structural
changes by following the formation of microtubules
(MTs) in vitro [10, 11].

Tubulin is a ubiquitous, 55 kDa globular protein
which natively appears in several, structurally similar
variants (i.e. a, b, g) [12]. The most abundant vari-
ants, a and b, assemble into heterodimers that form
the basic building block of microtubules (MT) [10,
11]. The formation of MT in vivo is mediated by ad-
ditional factors such as the hydrolization of guano-
sine-5-triphophate (GTP) at the leading edge of the
MT [13, 14]. MT are key to a number of important
functions such as intracellular transport, morphogen-
esis, mitosis and meiosis [15, 16]. Because tubulin het-
erodimers and MTs are vital for cellular processes,
they have become a prime target in biomedical re-
search [17–19].

Besides the basic biophysical challenge of relat-
ing the photoinduced conformational changes with
functional modification of the protein, the potential
for the photoinduced disruption of MT is another
motivation for the work presented here, as this could
be exploited for novel approaches in biomedical ap-
plications such as phototherapy. In fact, direct photo-
induced conformational changes of proteins could

offer an alternative to the current paradigm for
photodynamic therapy (PDT) which is based on the
diffusion-limited photosensitization of cytotoxic sing-
let oxygen and other reactive oxygen species (ROS)
[20–23]. Porphyrins are often used in phototherapy
because of their large quantum yields for the forma-
tion of triplet states [24], however the possibility of
using them to selectively modify protein functions
can offer a new approach in their use especially if
one can demonstrate a path of photosensitization
that does not depend on diffusing O2.

From both the biophysical and biomedical stand-
point the dependence on a diffusion mechanism
brings limitations. Therefore, the emphasis in our re-
search is the investigation of localized photoinduced
mechanisms that target proteins at a specific location
(e.g., where the photoactive ligand is docked) and
cause local (or partial) but significant conformational
changes that can potentially modify the function of a
protein without necessarily change its structural in-
tegrity. We have demonstrated that localized changes
can be prompted by porphyrins [7, 8]. In this in-
vestigation we have changed the focus from showing
the ability to photoinduced localized conformational
changes to relating these changes to functional mod-
ifications. We selected tubulin as the protein model
because is a more biomedically relevant protein than
the model we used previously and one of its func-
tions (e.g., the ability to self-assemble into MT) is
relatively easy to test. We showed that TSPP binds
tubulin between the taxol and the GTP/GDP sites
with an affinity of �1.1� 106 M�1, and that the bind-
ing does not interfere with the ability to form MT
[25] so that any influence on tubulin self-assembly
can be attributed to photoinduced effects. In addi-
tion, Guo et al. showed that irradiation of rhod-
amine-tags triggers depolymerization of MT upon
laser exposure [26], thus indicating that visible light
could be used to affect the formation of MT. With
the current investigation we have studied whether i.)
TSPP can trigger conformational changes in tubulin
upon low-intensity visible irradiation, and ii.) the
conformational changes affect the ability of tubulin
to assemble into MT. We also indicated possible
photochemical/photophysical mechanisms responsib-
le for the conformational changes.

2. Experimental

2.1 Sample preparation

TSPP (Frontier Scientific, Logan, UT) and tubulin
from porcine brain, >99% pure, (T240, Cytoskeleton,
Denver, CO) were used without further purification.
All experiments were carried out at pH �7, however
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the buffer preparation was different depending on the
experiment. For most spectroscopic measurements
phosphate buffered saline tablets were dissolved in
deionized water (Sigma-Aldrich, St. Louis, MO) to
provide a 10 mM buffer at pH 7.4. However, the
same buffer preparation could not be used for circu-
lar dichroism (CD) experiments due to its high opti-
cal density in the UV created by the chloride coun-
ter ions [32]. Thus, for CD experiments a 10 mM
buffer at pH 7.4 was prepared using monobasic
KH2PO4 and NaOH with NaF used to adjust the
ionic strength (all chemicals were purchased from
Sigma Aldrich, St.Louis, MO). The formation of MT
also required a unique buffer which contains 50 mM
PIPES, 2 mM MgCl2, 10% glycerol, and 1 mM
EGTA in deionized water. GTP (2 mM) was also
added to this buffer to promote polymerization at
37 �C.

The concentrations of TSPP and tubulin were de-
termined spectroscopically using Beer-Lambert law
[27] with e280 ¼ 1:15� 105 M�1 cm�1 for Tubulin and
e413 ¼ 5:10� 105 M�1 cm�1 [28] for TSPP. Specific
concentrations for each type of experiments is pro-
vided below.

2.2 Absorption spectroscopy

Absorption spectroscopy was performed using a
dual-beam spectrophotometer (Evolution 300, Ther-
mo Fisher Scientific, Waltham, MA) with a 2 nm
bandwidth at a 240 nm/min speed. Absorption spec-
tra were recorded in the region between 250 nm and
460 nm in a 1 cm pathlength quartz cuvette (Starna
Cells Inc., Atascadero, CA) with baseline correc-
tion.

2.3 Steady state fluorescence spectroscopy

Fluorescence spectra were recorded using a double
monochromator flourometer (AB2, Thermo Fisher
Scientific, Waltham, MA). All spectra were recorded
with a bandpass of 4 nm in both excitation and emis-
sion with integration time of 1 s at 1 nm steps. Spec-
tra of tubulin were collected between 300 nm and
450 nm with excitation wavelength, lex, at 295 nm.
At this wavelength the 8 Trp residues of the tubulin
dimer are exclusively excited over the other aro-
matic amino acids [25]. Spectra of TSPP were re-
corded in the 580–750 nm range using lex ¼ 413 nm.
The optical density at lex was kept under 0.15 to en-
sure a uniform distribution of energy throughout the
sample and avoid inner filter effects [29]. Tubulin to
TSPP molar ratio was kept at 1 : 1. To obtain such a

ratio the maximum of the Soret band absorption of
TSPP is 4.43 times larger than the maximum of the
absorption of tubulin at 280 nm.

The emission intensity was calculated by integrat-
ing the area under the emission peak of the spec-
trum corrected for instrument response (data file
provided by the manufacturer). The emission was
normalized for the absorbed radiation according to
[27]

Fcorr ¼ Fraw10
AexþAem

2ð Þ ð1Þ

where Fraw is raw fluorescence intensity data, Aex is
the optical density of the sample at the excitation
wavelength and Aem is the optical density at the
maximum emission wavelength.

2.4 Time-resolved fluorescence

Fluorescence decay of tubulin was recorded using a
time-correlated single-photon-counting (TCSPC) in-
strument (Fluorocube, Horiba Scientific, Edison,
NJ). The solution was excited with a pulsed source
(�700 ps pulsewidth, 1 MHz rep. rate) at 293 nm to
probe the Trp residues of the protein. The emission
was recorded at 330 � 8 nm which includes the max-
imum of the fluorescence of tubulin. The fluores-
cence decay was analyzed using the deconvolution
software DAS6 (Horiba Scientific). The software
uses an iterative re-convolution of the source time
profile of the instrument, G(t) or prompt, with the
theoretical fluorescence decay modeled as a sum of
exponentials.

FðtÞ ¼ SiAi e�
t

ti ð2Þ

where Ai is the amplitude and ti is the lifetime of
the i-th component. G(t) is recorded from a scatter-
ing sample that does not fluoresce (in this case a
1 mg/ml suspension of glycogen in water) and setting
the emission monochromator at the same wave-
length as the pulsed source. Both F(t) and G(t) are
recorded at a sampling rate < 2.5% of the maximum
repetition rate of the pulsed source in order to avoid
non-linear effects in the acquisition [30]. The convo-
lution of F(t) and G(t) is fitted, using a the least-
squares method, to the experimental decay curve,
I(t), by iterative change of the amplitude and life-
time parameters. The quality of the fit is determined
be ensuring values of c2 between 1 and 1.5 and val-
ues of the Durbin-Watson parameter between 1.8
and 2.0 [30]. The average lifetime of the decay can
then be expressed as:

hti ¼ SiAiti ð3Þ
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2.5 Resonance Raman Spectroscopy (RRS)

RRS experiments were conducted using the 413 nm
emission of a Krþ gas laser (Coherent Innova Kryp-
ton ion laser). This corresponds to the wavelength of
the maximum of absorption of TSPP. The incident
power at the sample was kept at 15 mW. Light scat-
tered from the sample was collected perpendicular
from the incoming excitation laser beam and then
sent to a double monochromator (Spex 1404, Horiba
Scientific) equipped with an Andor iDus 420A-BV
back-illuminated 1024� 256 pixel CCD camera (An-
dor, Belfast, United Kingdom). Spectra were digi-
tized, stored and analyzed using LabSpec (Horiba
Scientific). Data was collected in the region between
150 cm�1 and 1800 cm�1 where the main structural
bands of TSPP can be found [31].

2.6 Circular dichroism

CD was carried out using a DSM 14 Spectropolari-
meter (Olis Inc., Bogart, GA). The signal of tubulin
was measured in the UV region between 185 nm
and 240 nm with the solution in a 1 mm path length
quartz cuvette. This is the region of the p! p* tran-
sition band of the amide (peptide bond) and is
known to produce a CD signal that is sensitive to
the secondary structure of the polypeptide [32]. For
CD experiments the optical density of the solution
containing the TSPP/tubulin complex was kept �0.9
at 220 nm in order to optimize the S/N ratio [33].
This corresponds approximately to a tubulin concen-
tration of 0.2 mg/mL. The S/N is kept constant by
altering the integrating time depending on the PMT
voltage value. This relative composition of the sec-
ondary structure in the 185–240 nm region [34] was
estimated with CDPro [35]. An exhaustive survey of
4 different basis sets (SP37, SP37A, SDP42, SMP50)
and 3 fitting procedures (CDSSTR, SELCON3,
CONTINLL) were tested for all samples. These re-
sults were compared to the average of experimental
and calculated proportions from other studies in the
literature (33% a-helix, 21% b-sheets, 45% other)
[36]. Ultimately the combination of the CONTINLL
procedure with the basis set SMP50 was chosen be-
cause it was most accurate in predicting the accepted
secondary structure of native tubulin at the pH of
our samples.

2.7 Atomic Force Microscopy (AFM)

To test whether or not the conformational change of
tubulin would inhibit microtubule formation, AFM
was employed. Solutions containing the tubulin/

TSPP complex were prepared in the assembly buffer
(see above) without GTP. This solution contained
1.5 mg/mL of tubulin and thus 13.6 mM of both tubu-
lin and TSPP. The solution was separated into two
parts: one was irradiated at 405 nm for 15 min with
an irradiance of 15 mW/cm2 while the other one was
kept in the dark for the duration of the irradiation.
Immediately after this, GTP was added to both solu-
tions which were then incubated at 37 �C for 45 min-
utes to promote formation of MT [37, 38]. These so-
lutions were then pelleted at 25,000� g for 10 min at
37 �C and 20 mM of taxol was added to stabilize any
microtubules that may have formed. The solution
was then incubated with 0.2% glutaraldehyde to cre-
ate cross linking and help immobilize microtubules
to the surface [39]. After 20 minutes of incubation, a
small aliquot (�20 ml) of each solution was deposited
on pre-treated mica. The substrate used for adsorp-
tion and immobilization of microtubules in the AFM
study was mica modified with a layer of 3-aminopro-
pyltriethoxysilane (AP-mica) [40]. This forms a posi-
tively charged surface around neutral pH, which is
capable of immobilizing the slightly negative MT
(the pI being 4.96 for a-tubulin and 4.78 for b-tubu-
lin [41]) to enable AFM imaging [42]. The deposited
solution was incubated on the substrate for 5 min-
utes. Subsequently the mica slides were rinsed with
excess buffer and gently dried with filter paper. Con-
tact mode AFM (FTM-AFM) under ambient condi-
tions was carried out on a XE-Bio Scanning Probe
Microscope (Park Systems, Santa Clara, CA). Com-
mercial Si3N4 triangular- shaped cantilevers (Ted
Pella, Redding, CA) with a spring constants of
0.27 N/m and resonant frequencies of 30 kHz were
used to probe the topography of the surface. Scans
were done at a rate 0.75 Hz with a scan range of
5� 5 mm and a resolution of 515� 512 data points.

2.8 Irradiation

Irradiation of the TSPP/tubulin complex solution
was carried out using a solid state 185 mW laser at
405 nm (Power Technology inc., Alexander, AR),
which excites TSPP in the Soret band [25]. The laser
beam is attenuated through a series of neutral den-
sity filters and defocused using a long focal length
lens to make the irradiance delivered to the sample
approximately 15 mW/cm2. This relatively low-irra-
diance delivery is used to ensure that any protein
unfolding is not due to thermal effects from the ab-
sorbed light [43] since heat is well known to dena-
ture proteins [44]. The solutions were exposed to
increasing total energy doses of 0, 4.5, 13.5 and
27 J/cm2. Absorption, fluorescence, and fluorescence
lifetime spectra were taken after each irradiation.
AFM and CD were measured before and after the
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last dose. Control experiments were carried out by
irradiating solutions containing TSPP and tubulin se-
parately as well as on TSPP/tubulin complex solution
that did not undergo laser irradiation.

2.9 Deoxygenated samples

In order to gauge whether or not any conformatio-
nal changes of tubulin are induced by the formation
of reactive oxygen species, additional experiments
were done after eliminating O2 from the sample so-
lutions. Oxygen was purged by two different meth-
ods. The first method uses flow of pure N2 (from
high pressure cylinders) through a syringe and into
an airtight quartz cell with a rubber diaphragm top.
The O2 purging with nitrogen was done for 20 min-
utes in the dark. This method however was found to
dissociate the porphyrin and tubulin as shown by the
absorption spectrum of TSPP after purging (Figu-
res S1–S4 and Tables S1 and S2 in Supporting Infor-
mation).

The second deoxygenating method was the clas-
sic freeze-thaw approach which involved 5 cycles in
which 2 ml of the solution containing the tubulin/
TSPP complex was frozen (using a mixture of dry
ice and methanol) in an air-tight flask, then sub-
jected to vacuum (�10�4 Torr) for 15 minutes and
then finally thawed slowly at room temperature.
Although the freeze-thaw cycles appears to induce
an irreversible conformational change of the tertiary
structure of tubulin which somewhat limits its value
as a control experiment for deoxygenated samples
its results are still presented for comparison.

Absorption, fluorescence, fluorescence lifetime
and CD were recorded before and after the samples
were deoxygenated. After deoxygenation, some
samples were irradiated while others were left in the
dark for a period of time equivalent to the time of
irradiation. During the irradiation (or the equivalent
time) the sample was kept under vacuum to avoid
any contamination by air re-entering the sample.

3. Results and discussion

3.1 Absorption

We confirmed that addition of tubulin to TSPP re-
sults in a �7 nm red shift associated with hypochro-
micity of the peak of the porphryin (Figure 1A) [25].
This is consistent with non-covalent complexation
between the dye and the protein through electro-
static interactions between one or more of the four
negatively charged SO�3 groups in TSPP and posi-
tively charged residues in the tubulin dimer [25] with

the addition of the possible rotation of the phenyl
rings in-plane with the porphyrins macrocycle. Con-
versely, the absorption of tubulin does not appear to
change upon binding of TSPP. The spectral differ-
ences shown in Figure 1B are the result of the over-
lapping absorption of TSPP in this region of the
spectrum.
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Figure 1 (A) Absorption spectra in the TSPP region with
TSPP alone (solid line), TSPP irradiated 13.5 J/cm2 (dashed
line), tubulin/TSPP non-irradiated (þþ), tubulin/TSPP irra-
diated 4.5 J/cm2 (squares), tubulin/TSPP irradiated 9 J/cm2

(diamonds), tubulin/TSPP irradiated 13.5 J/cm2 (��). (B)
Absorption spectra for tubulin region with tubulin alone (tri-
angles), tubulin irradiated 13.5 J/cm2 (circles), tubulin/TSPP
non-irradiated (þþ), tubulin/TSPP irradiated 4.5 J/cm2

(squares), tubulin/TSPP irradiated 9 J/cm2 (diamonds), and
tubulin/TSPP irradiated 13.5 J/cm2 (��).
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Irradiating the TSPP/tubulin complex at 405 nm
results in a 24% bleaching of the porphyrin absorp-
tion (Figure 1A) in agreement with the results ob-
tained in a previous model [7, 8]. In this case, how-
ever, we do not observe a further red-shift of the
Soret band of the porphyrin as a function of irradia-
tion [7, 8]. The control carried out by irradiation of
TSPP alone in aqueous solution does not lead to a
shift in the absorption peak and only causes a 13%
bleaching.

At the same time, irradiation of the TSPP/tubulin
complex, changes the spectrum in the region of the
aromatic amino acids of the protein. A shoulder ap-
pears around 300 nm which increases with irradia-
tion of TSPP (Figure 1B). This spectral behavior was
observed in a previous model and was attributed to
the modification of a Trp residue [7, 8]. Since each
tubulin monomer contains 4 Trp residues (in both
the a and the b-variant) [45, 46], the results indicate
that one or more of these residues are modified but
our current data is unable to locate which residues
undergo the modifications and further studies are
being carried out to clarify this aspect. Irradiation of
solutions containing tubulin alone does not affect
the absorption spectrum of the protein.

3.2 Fluorescence

Addition of tubulin to TSPP in solution produces a
red-shift of the fluorescence maximum (�5 nm) and
a narrowing of the emission spectrum of TSPP (Fig-
ure 2A) which confirms the binding mechanism ex-
plained above.

Irradiation of TSPP in solution in the absence of
tubulin shows a fluorescence photobleaching that
parallels the decrease in absorption for the same sam-
ple (Figure 2A). Conversely, irradiation of the TSPP/
tubulin complex produces a drastic (85%) decrease
of the intrinsic fluorescence of tubulin (Figure 2B).
Since tubulin does not absorb at 405 nm (the irradia-
tion wavelength) the effect is explained as a photoin-
duced reaction between TSPP and the protein. Since
tubulin fluorescence (at lex ¼ 295 nm) is exclusively
produced by Trp residues, the decrease of the intrin-
sic tubulin fluorescence indicates an effect on one or
more of these residues. These effects could include
conformational and/or chemical changes of tubulin
which are prompted by the irradiation of TSPP.

3.3 Fluorescence lifetime

To better understand the effects of TSPP irradiation
on the protein we have recorded changes of the in-
trinsic fluorescence lifetime of tubulin. The fluores-

cence decay of the protein (Figure 3A) is best fitted
by three exponential components which, because of
the large number of Trp residues, are likely average
values that encompass the non-exponential decays of
each residue. The lifetimes can be summarized by a
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Figure 2 (A) Fluorescence spectra in TSPP region with
TSPP alone (solid line), tubulin/TSPP complex non-irra-
diated (þþ), tubulin/TSPP complex irradiated 4.5 J/cm2

(squares), tubulin/TSPP complex irradiated 9 J/cm2 (dia-
monds), tubulin/TSPP complex irradiated 13.5 J/cm2 (��),
and TSPP irradiated 13.5 J/cm2 (dashed line). (B) Fluores-
cence spectra for tubulin with tubulin alone (triangles),
TSPP/tubulin non-irradiated (þþ), tubulin/TSPP complex
irradiated 4.5 J/cm2 (squares), tubulin/TSPP complex irra-
diated 9 J/cm2 (diamonds), tubulin/TSPP complex irra-
diated 13.5 J/cm2 (��), and tubulin irradiated 13.5 J/cm2

(circles).
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sub-nanosecond component with a small relative
contribution (�5%), an intermediate component of
�3 ns with a relative contribution of �45% and a
longer decay of �5.7 ns which contributes to �50%
of the fluorescence signal (Table 1).

Binding of TSPP does not substantially affect the
individual decay components (Figure 3A). The only
effect is a small decrease of the relative contribution
of the longer lived decay associated with a relative
increase of the contribution of the intermediate com-
ponent (Table 1). This enables us to rule out any sig-
nificant energy transfer between the Trp residues
and the porphyrin which is consistent with what was
observed in a previous model [47].

Conversely, irradiation of the TSPP in the por-
phyrin/tubulin complex at 405 nm has a dramatic ef-
fect on the fluorescence decay of the protein (Fig-
ure 3B). The average lifetime Eq. (3) decreases from

4.12 ns to 2.41 ns at the end of the irradiation dose
(Figure 3B). When considering the individual decay
components (Table 1) one finds that the effect is
both on the decay lifetime and the relative contribu-
tion. The shortest lifetime, t1, is at the limit of the
temporal resolution of the system thus its fluctuation
cannot be interpreted accurately. However, one ob-
serves an increase in its relative contribution. This
might be significant but it does also include a rela-
tive increase of the scattering component due to the
overall emission quenching (Figure 2B). Conversely,
very significant are the sharp decreases in the inter-
mediate (3.01 ns! 1.51 ns) and longer-lived (5.77 ns
! 4.88 ns) components (Table 1). The intermediate
lifetime is affected by a larger relative amount
(Dt � 1.5 ns or 50% of the initial value) than the
longer-lived component (Dt � 0.9 ns or 15% of the
initial value). At the same time there is a sharp de-

 10

 100

 1000

 10000

 5  10  15  20  25  30  35  40

C
ou

nt

nanoseconds

(A)

 10

 100

 1000

 10000

 5  10  15  20  25  30  35  40

C
ou

nt

nanoseconds

(B)

Figure 3 Fluorescence decay plots collected at 330 nm with an excitation source at 295 nm. (A) Tubulin (þþ) versus Tubu-
lin Irradiated (triangles) and prompt scattering (circles). (B) Tubulin/TSPP complex (circles) versus Tubulin (þþ) and
Tubulin/TSPP complex after irradiation with 13.5 J/cm2 (triangles). The non-exponential fitting of each decay is shown as a
solid line. The plot representative of the residuals is shown in the insert.

Table 1 Fluorescence Lifetime Parameters of the Protein in the Irradiated Tubulin/TSPP Complex (lex ¼ 295 nm,
lem ¼ 330 nm � 4 nm).

Tubulin Tubulin/TSPP
0 J/cm2

Tubulin/TSPP
4.5 J/cm2

Tubulin/TSPP
13.5 J/cm2

Tubulin/TSPP
27 J/cm2

Tubulin
13.5 J/cm2

a1 0.05 � 0.01 0.06 � 0.01 0.08 � 0.01 0.14 � 0.02 0.25 � 0.02 0.08 � 0.01
t1 0.34 � 0.03 0.41 � 0.02 0.26 � 0.01 0.14 � 0.01 0.14 � 0.01 0.44 � 0.02
a2 0.43 � 0.03 0.46 � 0.03 0.36 � 0.03 0.34 � 0.03 0.38 � 0.03 0.45 � 0.03
t2 2.81 � 0.09 3.01 � 0.09 2.27 � 0.07 1.69 � 0.05 1.51 � 0.04 2.67 � 0.07
a3 0.52 � 0.01 0.47 � 0.01 0.56 � 0.01 0.52 � 0.01 0.37 � 0.01 0.48 � 0.01
t3 5.68 � 0.01 5.77 � 0.03 5.24 � 0.02 4.87 � 0.02 4.88 � 0.03 5.81 � 0.02
hti 4.18 4.12 3.77 3.13 2.41 4.03

Time is given in nanoseconds and amplitudes are relative amplitudes.
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crease in the relative contribution of both com-
ponents, albeit difficult to interpret quantitatively
because of the accompanying increase in the contri-
bution of the sub-nanosecond component which as
mentioned earlier approaches the limit of the tem-
poral resolution. This effect is consistent with the de-
crease of fluorescence intensity shown in Figure 2B.
To the best of our knowledge, the individual contri-
bution of the 4 Trp residues to the fluorescence de-
cay of tubulin has not been resolved; nevertheless
the combined effects on steady-state emission and
fluorescence decay indicate changes in the tertiary
(and possibly secondary) structure of tubulin. It was
shown that a similar effect is produced by the addi-
tion of guanidine hydrochloride and it was attributed
to a dissociation of the a and b dimer followed by a
partial unfolding of the monomers [48]. In view of
the inhibition to the formation of MT (see below)
the model presented by Sanchez et al. [48] might ex-
plain also the effects induced by the irradiation of
TSPP. Nevertheless, at the moment we cannot rule
out possible chemical modifications of the Trp resi-
dues as products of the irradiation [49]. Control ex-
periments carried out by irradiating tubulin alone at
405 nm with the same light dose (13.5 J/cm2 result in
no significant change of fluorescence lifetime (Fig-
ure 3A) which indicates that the shortening of life-
time must be induced by the irradiation of the bound
porphyrin.

3.4 Circular dichroism

Binding of TSPP does not cause a significant change
in the dichroic signal of tubulin and neither does
the irradiation of the protein in the absence of TSPP
(Figure 4, Table 2). Conversely, irradiation of the
TSPP/tubulin complex produces a dramatic change
in the CD spectrum. The double trough at 220 and
208 nm is drastically reduced while a negative peak
at 206 nm becomes predominant. Also, the peak at
198 nm shifts by �4 nm to shorter wavelengths. The
negative peaks at 220 nm and 208 nm are typical of
a a-helical structure. The analysis of the spectra with
CDPro reveals that irradiation of the TSPP/tubulin
complexes produces a 34% decrease in helical struc-
ture associated with a �20% increase in the contri-

bution of b-sheet and turns and an 11% increase in
unordered structure. CDPro analysis is not always
precise in terms of absolute numerical values [50],
however it is valuable for qualitative information and
reveals that changes occur in the secondary struc-
ture of tubulin with a substantial loss of helical con-
tribution (Table 2). If one combines the information
from CD spectroscopy with the changes in Trp fluor-
escence, a scenario emerges whereby irradiation of
the porphyrin in the TSPP/tubulin complex prompts
significant conformational changes in the protein.

TSPP alone did not show significant CD activity
either in the UV or in the region of the Soret band
(320 to 450 nm) before or after irradiation.

3.5 Atomic force microscopy

The significant effects on the secondary structure of
tubulin prompted us to investigate how the irradia-
tion of TSPP affects the formation of MTs in vitro.
It can be seen from the images in Figure 5 that MT
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Figure 4 Circular Dichroism spectra of Tubulin alone
(��), Tubulin-TSPP complex (dotted line), Tubulin after
irradiation 13.5 J/cm2 (solid line), and Tubulin/TSPP com-
plex after irradiation 13.5 J/cm2 (þþ).

Table 2 Secondary Structure composition of Tubulin, Tubulin/TSPP and Tubulin/TSPP irradiated at 413 nm using three
fitting procedures.

H(r) H(d) S(r) S(d) Trn Und

Tubulin 0.148 0.124 0.151 0.097 0.210 0.268
Tubulin Irrad. 0.174 0.125 0.138 0.100 0.197 0.266
Tubulin/TSPP 0.148 0.124 0.151 0.096 0.212 0.270
Tubulin/TSPP Irrad. 0.081 0.099 0.186 0.112 0.224 0.299

B. McMicken et al.: Photoinduced unfolding of tubulin8

Journal of 

BIOPHOTONICS

# 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org

karla.j.strickland
Typewritten Text

karla.j.strickland
Typewritten Text

karla.j.strickland
Typewritten Text
Distribution A: Approved for public release; distribution unlimited (approval given by local Public Affairs Office TSRL-PA-13-0077)



formation is not significantly affected by binding
of TSPP. Conversely, irradiation at 405 nm of the
TSPP/tubulin complex results in the inhibition of
MTs which is evident from the lack of fibrils and the
presence of aggregated protein structures. This is
most likely the result of the partial tubulin unfolding,
revealed by fluorescence and CD experiments, which
adversely affects the ability of tubulin to self-assemb-
le into MT. The profile of Figure 5A shows that self-
assembled MT formed before irradiation of the
complex have a height of �10 nm and a diameter of
�30 nm which is expected for MT which collapse

when dried in air [51]. Self-assembly carried out with
irradiated TSPP/tubulin complexes shows (Figure 5B)
that MT are inhibited and replaced by globular ag-
gregates with diameters of 80–100 nm.

3.6 Deoxygenated samples

Many porphyrins are known to populate their triplet
state when optically excited. This has been the para-
digm for their use in PDT where the porphyrin tri-
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Figure 5 Atomic Force Microscopy images of (A) microtubules formed from tubulin in the presence of TSPP but not
irradiated and (B) result of tubulin in the presence of TSPP when irradiated with 13.5 J/cm2 at 413 nm and incubated in an
assembly buffer.
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plet state sensitizes the formation of singlet oxygen
from diffusing O2 [24]. This is a very probable me-
chanism since the triplet quantum yield of TSPP is
0.78 [52]. It is, therefore, important to establish
whether the photoinduced effects on the protein
structure are due to the sensitization of diffusing O2

that prompts chemical modifications of tubulin, or if
other photophysical/photochemical mechanisms are
responsible for the effects. Thus, all the experiments
described before were repeated (under the same
conditions of irradiance and total energy) in samples
deoxygenated through 5 cycles of freeze/thawing.

Freeze-thawing of the complex produces a further
1 nm red-shift (420 nm! 421 nm) of TSPP absorp-
tion maximum (Figure 6A) compared to the air-sam-
ples. This indicates that the porphyrin is still bound
to tubulin after the deoxygenation procedure. Irra-
diation of the deoxygenated complex produces a
negligible bleaching of TSPP (Figure 6A). On the
other hand, bleaching of the tubulin still occurs (Fig-
ure 6B), albeit at a lesser rate than in air (Figure 1B).
One also observes (Figure 6B) that the complex (as
well as the control sample with tubulin alone) even
before irradiation show a broad shoulder overlapped
to the aromatic absorption of the protein. This is
consistent with the presence of tubulin aggregates
(not MT) [53], likely induced by the freeze-thaw cy-
cles.

The fluorescence spectra of TSPP in the complex
show that upon irradiation in a deoxygenated en-
vironment the porphyrin undergoes a very small

(�0.3%) bleaching (Figure 7B) compared to �18%
in air (Figure 2A). Interestingly the steady state
fluorescence of non-complexed tubulin (Figure 7B)
shifts by �3 nm upon freeze-thawing without any
significant loss of intensity. Conversely, freeze-thaw
of the complex produces a substantial decrease of
the emission of the protein but no red-shift of the
emission. This indicates that tubulin is susceptible to
the freeze-thaw deoxygenation method but that
binding of TSPP stabilizes the protein and prevents
possible changes of tertiary structure shown by tubu-
lin alone (i.e., the red-shift of the emission maxi-
mum). Despite the negligible bleaching of TSPP
upon irradiation (Figure 7A), which would suggest a
lack of photoreactivity in the absence of O2, the Trp
fluorescence of tubulin is drastically reduced to an
extent similar (75% vs. 90% decrease) to what occurs
in air samples (Figure 2B). Therefore the steady-
state fluorescence data indicate that, despite the ab-
sence of porphyrin photobleaching, photoinduced
mechanism are still occurring and affecting the envir-
onment of Trp residues even in deoxygenated TSPP/
tubulin complexes. What appears to be hindered is
the presence of further chemical steps (as seen by
the lack of the 300 nm shoulder in Figure 6B).

As mentioned earlier, deoxygenation with the
freeze/thaw process appears to lead to aggregation of
tubulin prior to irradiation. This structural change is
confirmed by fluorescence lifetime which decreases
slightly (�0.3 ns as shown in Table 3) upon this freeze/
thaw process. However, irradiation of the deoxyge-
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Figure 6 Absorption spectra for samples deoxygenated via freeze/thaw process. (A) Absorption spectra in the TSPP re-
gion with TSPP alone (��), Tubulin/TSPP complex (solid line), Tubulin/TSPP complex deoxygenated (triangles), Tubulin/
TSPP complex deoxygenated and irradiated 13.5 J/cm2 (dotted line). (B) Absorption spectra in the tubulin region with
Tubulin alone (þþ), Tubulin deoxygenated (��), Tubulin/TSPP complex (triangles), Tubulin/TSPP complex deoxygenated
(dotted line) and Tubulin/TSPP complex deoxygenated and irradiated 13.5 J/cm2 (solid line).
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nated tubulin/TSPP complex at 413 nm produces an
additional decrease in average lifetime of the protein
(from 2.14 ns to 1.05 ns) as shown by Figure 8. This
implies that conformational changes affecting the en-
vironment surrounding one or more Trp residues still
occur in tubulin despite removal of O2. The data
suggest that although freeze-thaw prompts the ag-
gregation of some of the tubulin in solution, the tu-
bulin that is left and forms the complex with TSPP
still undergoes structural changes upon irradiation.
Therefore we believe that the initial photophysical
trigger of the conformational modifications is not
photosensitized singlet oxygen but some other direct
mechanism such as, for instance, charge transfer and

that O2 is involved only in subsequent mechanism
responsible for the appearance of the shoulder at
320 nm (Figure 1B) and the larger bleaching of TSPP
(Figure 1A and 2A).

Considering the steady-state and lifetime data in
air and in deoxygenated sample (Figure 2B, Figure 3,
Figure 7B and Figure 8) it is clear that the Trp fluor-
escence of the protein is affected by the irradiation
of the complex and that such change produces simi-
lar effects with or without O2. Such evidence is con-
sistent with conformational changes that may move
quenching groups (His, amides, Cys) close to one or
more Trp residues or the partial exposure and/or in-
creased mobility of one or more Trp residues.
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Figure 7 Fluorescence spectra for samples deoxygenated via freeze/thaw process. (A) Fluorescence spectra for TSPP with
TSPP alone (solid line), Tubulin/TSPP complex (triangles), Tubulin/TSPP complex deoxygenated (dotted line) and Tubu-
lin/TSPP deoxygenated and irradiated 13.5 J/cm2 (��). (B) Fluorescence spectra for Tubulin with Tubulin alone (solid
line), Tubulin/TSPP complex (dotted line), Tubulin alone deoxygenated (triangles), Tubulin/TSPP complex deoxygenated
(��) and Tubulin/TSPP complex deoxygenated and irradiated 13.5 J/cm2 (circles).

Table 3 Fluorescence Lifetime Parameters of the Protein in the Irradiated Tubulin/TSPP Complex (lex ¼ 295 nm,
lem ¼ 330 nm � 4 nm) for experiment of samples deoxygenated with freeze/thaw process.

Tubulin Tubulin/TSPP Tubulin
Deoxy

Tubulin/TSPP
Deoxy

Tubulin/TSPP Deoxy
þ 13.5 J/cm2

a1 0.04 � 0.01 0.06 � 0.01 0.07 � 0.01 0.20 � 0.03 0.43 � 0.02
t1 0.51 � 0.05 0.28 � 0.01 0.37 � 0.01 0.30 � 0.06 0.07 � 0.01
a2 0.43 � 0.02 0.36 � 0.02 0.46 � 0.03 0.50 � 0.02 0.38 � 0.03
t2 2.92 � 0.05 2.55 � 0.06 2.53 � 0.04 1.60 � 0.03 0.99 � 0.02
a3 0.53 � 0.01 0.58 � 0.01 0.47 � 0.03 0.30 � 0.02 0.19 � 0.02
t3 5.74 � 0.02 5.40 � 0.03 6.00 � 0.02 4.28 � 0.02 3.37 � 0.03
hti 4.31 4.07 4.01 2.14 1.05

Time is given in nanoseconds and amplitudes are relative amplitudes.
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Comparison of Tables 3 and 4 as well as the CD
spectra of Figures 4 and 9 shows that freeze-thaw
does not induce major changes in the secondary
structure of tubulin. This validates our interpretation
that the changes in tubulin fluorescence produced by
freeze-thaw are due to aggregation. The sharp de-
crease in overall CD intensity after irradiation of
tubulin alone is not entirely clear but could be ex-
plained with some degree of aggregation of the pro-
tein, however the comparison among the single sec-
ondary structure components reveals only minor
secondary conformational changes compared to the
corresponding sample in air-saturated solutions of
Table 2 (a small increase in helical and unordered
component and a small decrease in b-sheet and turns
contribution). In agreement with the fluorescence
and fluorescence lifetime data, irradiation of the

complex under deoxygenated conditions is still cap-
able of producing changes in the secondary structure
of tubulin (Figure 9 and Table 4) despite the substan-
tial lack of TSPP photobleaching (Figure 7). The
photoinduced changes are highlighted by a 22% de-
crease in helical component accompanied by a simul-
taneous increase of b-sheet and turns contribution
(19%) as well as unordered structure (3%).

AFM was also performed on a solution of tubulin
that underwent the freeze-thaw cycle. Unfortunately,
(Figure 10) aggregates appear to dominate the scans,
but it validates our hypothesis regarding the forma-
tion of aggregates of otherwise intact tubulin. These
aggregates have larger diameters (>100 nm) than
the one produced by irradiation in air-saturated sam-
ples (Figure 5B).
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Figure 8 Fluorescence decay plot collected at 330 nm with
an excitation source at 295 nm for experiment deoxy-
genated with freeze/thaw process. Tubulin in normal oxy-
gen environment (triangles), Tubulin alone deoxygenated
(þþ), Tubulin/TSPP complex (circles), Tubulin/TSPP com-
plex deoxygenated (��), and Tubulin/TSPP complex de-
oxygenated and irradiated with 13.5 J/cm2 (diamonds).
The non-exponential fitting of each decay is shown as a
solid line. The plot representative of the residuals is shown
in the insert.
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Figure 9 Circular Dichroism spectra for freeze/thaw deoxy-
genation experiment. Tubulin alone (��), Tubulin-TSPP
complex (dotted line), Tubulin deoxygenated and irra-
diated with 13.5 J/cm2 (solid line), and Tubulin/TSPP com-
plex deoxygenated and irradiated 13.5 J/cm2 (þþ).

Table 4 Secondary Structure composition of Tubulin, Tubulin/TSPP complex, Tubulin/TSPP complex deoxygenated, and
Tubulin/TSPP complex irradiated and deoxygenated. Irradiation performed at 413 nm with dosage 13.5 J/cm2 and samples
deoxygenated with freeze/thaw procedure.

H(r) H(d) S(r) S(d) Trn Und

Tubulin 0.247 0.156 0.066 0.059 0.199 0.273
Tubulin/TSPP 0.251 0.148 0.080 0.060 0.189 0.272
Tubulin/TSPP Deoxy. 0.160 0.130 0.133 0.085 0.208 0.284
Tubulin/TSPP Deoxy. Irrad. 0.117 0.109 0.162 0.102 0.218 0.293
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4. Conclusions

The overall results indicate clear evidence for the
partial unfolding of tubulin triggered by the optical
excitation of TSPP in the protein/porphyrin non-
covalent complex. Compared to previous results on
a different protein model [7, 8], irradiation of the
TSPP/protein complex does not prompt a rearrange-
ment of the porphyrin conformation. Our data show
that neither TSPP alone or laser irradiation alone
are capable of producing detectable conformational

changes in tubulin, therefore the structural modifica-
tions are entirely mediated by the photophysical and
photochemical interactions between the excited state
of TSPP and the protein (likely in proximity of the
binding site). The use of low irradiance (<20 mW/
cm2) and low dye concentration (<1 mM) enables us
to rule out thermal effects due to laser irradiation
[43], thus, we conclude that the partial unfolding ef-
fects are photochemical/photophysical in nature.

RRS (Figure S5 and Table S3 in Supporting In-
formation) and fluorescence shows that the structure
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Figure 10 Atomic Force Microscopy images of (A) solution of tubulin subjected to the freeze-thaw cycle and incubated in
assembly buffer resulting in aggregates (B) microtubules formed from a solution of tubulin alone after being irradiated
with 13.5 J/cm2 at 413 nm and incubated in assembly buffer.
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of TSPP does not change upon irradiation and that
no fluorescent photoproducts are produced, suggest-
ing that photoinduced effects are not due to perma-
nent changes in the ligand (e.g., porphyrin photopro-
ducts) and are instead due to mechanisms triggered
by the irradiation of the ligand but occurring at the
level of the protein backbone or of the amino acid
residues.

The intrinsic fluorescence and fluorescence life-
time of tubulin as well as the CD spectra provide the
most convincing evidence of conformational changes
in tubulin which included both the secondary and
tertiary structure. Irradiation of the complex pro-
duces a decrease of the helical component and a
simultaneous increase of b-structures (sheets and
turns) and unordered chains. The exact location of
these changes is still unknown and is the focus of
our ongoing investigation. The mechanism respon-
sible for triggering the conformational effects is also
still under investigation as we so far lack direct evi-
dence, however based on the results described here
there seems to be a dual action initiated by TSPP.
This porphyrin has been studied as a potential
phototherapeutic drug [54] and has a large quantum
yield of intersystem crossing to a triplet state [55].
Therefore, it was tempting to explain the photoin-
duced effects on the protein as a result of photosen-
sitization of singlet oxygen followed by reactions
with the backbone or the side chains of the amino
acids in tubulin. However, the removal of oxygen
from the solution does not prevent the partial un-
folding of tubulin. Thus, sample deoxygenation sup-
presses the photobleaching of TSPP and reduces but
does not eliminate its ability to induce partial un-
folding of the tubulin. Therefore, O2-independent
mechanisms are still able to prompt the conforma-
tional changes. As mentioned earlier at the moment
we believe that the initial mechanism that triggers
the conformational changes could be interpreted as
a direct charge transfer from TSPP to the protein
[55]. In deoxygenated samples this mechanism is
the only event and prompts some rearrangement in
the protein structure (as shown by the spectroscopic
data). In the presence of O2 (air-saturated samples)
the initial event is followed by reaction with oxygen
and leads to both further structural changes in the
protein but also chemical modifications not detected
in the absence of oxygen (i.e., TSPP photobleaching,
320 nm absorption shoulder in the protein spectrum)
that could drive additional conformational changes
in the protein.

Finally our results show that the TSPP-photoin-
duced conformational changes are able to inhibit the
formation of MT in vitro. This indicates that tubulin
has been modified to the extent that prevents the
growth of fibrils in the direction of the long axis of
the MT. Although identifying the location of the
photoinduced changes requires additional (ongoing)

investigations, we have demonstrated that porphyr-
ins are promising mediators of direct protein inacti-
vation through visible irradiation. This finding could
open the possibility of changing the strategic utiliza-
tion of these compounds in biomedical applications.
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