
DOI: 10.1126/science.1230758
, 1586 (2013);339 Science

 et al.Cristina Consani
Revealed by UV 2D Spectroscopy
Ultrafast Tryptophan-to-Heme Electron Transfer in Myoglobins

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): April 24, 2013 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/339/6127/1586.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2013/02/06/science.1230758.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/339/6127/1586.full.html#related
found at:

can berelated to this article A list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/content/339/6127/1586.full.html#ref-list-1
, 6 of which can be accessed free:cites 39 articlesThis article 

 http://www.sciencemag.org/content/339/6127/1586.full.html#related-urls
1 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/chemistry
Chemistry

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2013 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

A
pr

il 
24

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/2018055530/Top1/AAAS/PDF-R-and-D-Systems-Science-130301/ICI-Travel-Grant-banner-ad-Science.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/339/6127/1586.full.html
http://www.sciencemag.org/content/339/6127/1586.full.html#related
http://www.sciencemag.org/content/339/6127/1586.full.html#ref-list-1
http://www.sciencemag.org/content/339/6127/1586.full.html#related-urls
http://www.sciencemag.org/cgi/collection/chemistry
http://www.sciencemag.org/


of Bi. At sufficiently high Cr doping, the SOC
is not strong enough to invert the bands, leading
to a trivial bulk topology (19). In contrast, for
Cr-doped Bi2Te3 our DFT calculations show
that the bulk band remains inverted for Cr con-
tent up to y = 0.25 (figs. S8 and S9). The more
robust band inversion is a result of the larger SOC
strength of Te as compared with Se. The calcu-
lated band structures of Bi1.75Cr0.25(SexTe1-x)3
with varied x (Fig. 4, A to E) show a transition
from inverted to normal bands caused by the re-
duced SOC strength with increasing Se/Te ratio.
The calculated bulk gap at the G point is sum-
marized in Fig. 4F, which clearly shows a topo-
logical QPT near x ~ 0.66, which is in agreement
with the experiments.

With the correlation between the magnetic
and topologicalQPTs firmly established,we turned
to a more fundamental question: Which phase
transition is the driving force, and which one is
the consequence? Two pieces of evidence support
the scenario that topology determines the mag-
netic ordering. First, in our Bi1.78Cr0.22(SexTe1-x)3
samples the Cr content is fixed, and only the
Se/Te ratio is varied. This provides a knob for fine-
tuning the SOC strength—hence, the bulk band
topology—but themagnetic property is not directly
affected. Therefore, the magnetic QPT should be a
secondary effect of the topological QPT. Second,
the ARPES results show that even at high T when
all the samples are in the PM state, the two regimes
separated by the QCP already develop different
topologies. At low T, the magnetic ground states
form following the preformed topological charac-
ter, with the FMphase resulting from the nontrivial
topology and transitioning to the PM phase when
the bulk turns topologically trivial.

The topological origin of the magnetic QPT
is further supported by the effective model cal-
culations (17). We calculated the z-direction
spin susceptibility (czz) of eight QL magneti-
cally doped TI films using an effective four-band
model (Fig. 4G) as a function of the chemical
potential (m) and the mass term (M0). In the in-
verted regime withM0 < 0, czz always remains a
large value when m is around the gap, as a con-
sequence of the van Vleck mechanism (5); the
second-order matrix element is strongly enhanced
when the bulk bands become inverted. The topo-
logically nontrivial phase thus strongly favors
an FM ordering, which naturally explains the
topology-driven magnetic QPT discovered in the
experiments. The van Vleck mechanism is fur-
ther supported by the magnetizationmeasurements
(fig. S10), which show that the ferromagnetism
occurs in the bulk rather than on the surfaces
(25, 26). The out-of-plane magnetic anisotropy
(fig. S11) is also consistent with the van Vleck–
type FM order in TIs (5).

To reveal the physical origin of the AHE sign
change at the QCP, we calculated sxy based on
the four-band model, with two additional Zeeman
splitting terms, Gz1 and Gz2, from the exchange
coupling between the electrons and magnetic im-
purities (17). The sxy value is summarized in

Fig. 4H as a function ofM0 with fixed chemical
potential, which clearly uncovers a sign change
when the band gap is reversed, which is in good
agreement with the experimental observation. The
close correlation between the sign of AHE and
topological QPT suggests that it can be used as
a transport fingerprint for the bulk topology. This
is not unexpected given the growing recognition
of the topological nature of the intrinsic AHE in
recent years (27, 28). The extrinsic AHE, which
may be present in realistic materials, is ignored
here because it typically dominates in highly me-
tallic materials, whereas the disordered TI films
studied here are poorly conductive (20).

The topologically nontrivial FM states with
tunable magnetic properties revealed here provide
an ideal platform for realizing the exotic magne-
toelectric effects proposed by theory. The topology-
driven magnetic QPT may also inspire new ideas
for topological-magnetic phenomena and spintronic
applications in TIs with broken TRS. We cannot
completely rule out all other possibilities for
the disappearance of FM ordering across the
topological QPT. For example, the ARPES re-
sults (Fig. 3) show that the properties of itinerant
carriers also change with Se content, which may
affect an itinerant-driven FM mechanism.
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Ultrafast Tryptophan-to-Heme
Electron Transfer in Myoglobins
Revealed by UV 2D Spectroscopy
Cristina Consani,1* Gerald Auböck,1* Frank van Mourik,1 Majed Chergui1†

Tryptophan is commonly used to study protein structure and dynamics, such as protein folding, as a
donor in fluorescence resonant energy transfer (FRET) studies. By using ultra-broadband ultrafast
two-dimensional (2D) spectroscopy in the ultraviolet (UV) and transient absorption in the visible range,
we have disentangled the excited state decay pathways of the tryptophan amino acid residues in
ferric myoglobins (MbCN and metMb). Whereas the more distant tryptophan (Trp7) relaxes by energy
transfer to the heme, Trp14 excitation predominantly decays by electron transfer to the heme. The excited
Trp14→heme electron transfer occurs in <40 picoseconds with a quantum yield of more than 60%,
over an edge-to-edge distance below ~10 angstroms, outcompeting the FRET process. Our results raise
the question of whether such electron transfer pathways occur in a larger class of proteins.

The advent of optical-domain multidimen-
sional spectroscopies has opened entirely
new perspectives for the study of bio-

chemical dynamics, thanks to their abilities to
visualize correlations and interactions between
chromophores of the protein (1). This is particu-
larly interesting when it comes to finding the path-
ways of electron and/or energy transfer in proteins,
which are key processes in bioenergetics. Whereas

vibrational multidimensional spectroscopy in the
infrared (IR), which detects the couplings between
vibrational dipoles, was established in the early
1990s, it was only inmid-2000 that the first study
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of multidimensional electronic spectroscopy ap-
peared using continua in the 800-nm region (2). The
authors monitored the transport of energy and the
excitonic couplings between seven chromophores
of the Fenna-Matthews-Olson photosynthetic
light-harvesting protein. The extension of multi-
dimensional spectroscopies to shorter wavelengths
is an obvious goal considering the rich variety of
biologically relevant chromophores that absorb
from the green to the ultraviolet (UV). In partic-

ular, amino acids and nucleic acids absorb below
300 nm. Among the amino acid residues, Trp is
found in most proteins and has become a routine
probe of protein structure and dynamics using
fluorescence resonance energy transfer (FRET).
(3–9)Myoglobins contain two Trp residues (Trp14

and Trp7), located in the a helix A (Fig. 1), fluo-
rescence of which is quenched on time scales of
20 to 30 ps and 110 to 140 ps, respectively (10–12).
These times are consistent with calculated

quenching rates for a FRET process to the heme.
(7, 12) The lack of Trp fluorescence quenching in
apomyoglobins was taken as further evidence
of FRET to the heme (12).

Trp is also involved in electron transfer pro-
cesses as the primary donor in DNA repair by pho-
tolyase (13), with carbonyl- and sulfur-containing
residues (14), and was suggested to reduce Cu(II)
in azurin (15). It is also an intermediate in function-
al multistep hopping processes, for example, in
class I ribonucleotide reductase (16), in cytochrome
c peroxidase (17), and in azurin tagged with a
rhenium carbonyl diimine complex (18).

In general, it is difficult to distinguish electron
transfer from FRET if the acceptor does not flu-
orescence, which is the case with heme proteins.
Here, two-dimensional (2D) spectroscopy with
broad UV continua [detailed in (19, 20)] is im-
plemented to study the photocycle of ferric CN-
and water-ligated horse myoglobins (MbCN and
metMb, respectively). This technique allows us to
disentangle the overlapping spectral contribu-
tions of the various chromophores (Trp7, Trp14, and
heme) in the protein. Ferric Mbs are ideal to ad-
dress the Trp-heme interaction because heme
ground-state recovery is complete <10 ps after pho-
toexcitation (21–24). We unravel a Trp14 → heme
electron transfer process proceeding in ≤40 ps
through ~8 Å, which efficiently competes with
FRET. The Trp-mediated heme reduction is fur-
ther confirmed by transient absorption spectros-
copy in the visible range.

Figure 2 (A to C) shows a set of 2D UV tran-
sient absorption spectra of MbCN at different de-
lay times, in which the transient absorption signal
is plotted as a function of excitation and detection
wavelength (l). In Fig. 2A, a bleach feature cen-
tered at ~335 nm appears for lpump > 305 nm,
which completely recoverswithin 10 ps (red dashed
trace in Fig. 2E). For lpump < 305 nm, the signal is
dominated by excited state absorption (ESA) be-
low lprobe = 330 nm,with a dip along the diagonal
near 290 nm because of the ground state bleach
(GSB) of Trp. The ESA signal persists for over
100 ps. The transition between these two spectral
regions reflects the transition from exclusive heme
absorption (lpump > 305 nm) to overlapping heme
and Trp absorptions (lpump < 305 nm). Thus, the
short-lived transient observed for lpump > 305 nm
can be ascribed to the heme relaxation, in linewith
the previously reported <10-ps photocycle (22).
The longer-lived features produced by lpump < 305
nm show a significant spectral evolution from
tens to hundreds of ps (Fig. 2, B and C). In par-
ticular, an ESA signal (Fig. 2C) appears in the
290- to 340-nm region, which differs from the
ESA at earlier times (Fig. 2, A and B) because it
lacks the absorption below 280 nm, and its max-
imum is in the region between 305 and 318 nm. It
arises exclusively through Trp excitation (Fig. 2E).

To rationalize this complex temporal and
spectral evolution, we performed a singular value
decomposition and a global analysis (20) of the
time-resolved 2D spectra. Bymodelling the over-
all kinetics with a multiexponential framework,

Fig. 1. Molecular structure of horse myoglobin (PDB file 1YMB). The heme; the two Trp residues; the
proximal His; and the a helices A, E, and F are highlighted. The oxygen atom of water is shown as a ligand.

Fig. 2. Two-dimensional pump/probe UV spectra of MbCN at (A) 2.5-, (B) 17-, and (C) 200-ps time delays,
plotted with identical color scale [contour line spacing is 0.3 milli–optical density (mOD)]. (D) The steady-
state spectrum of MbCN (red) and of tryptophan in water (multiplied by two, blue), and an estimated heme
spectrum, obtained by subtracting the absorption spectra of the two tryptophans from the MbCN spectrum
(green). (E) Time dependence of the signal at probe wavelengths of 305 (blue) and 335 (red) nm for
excitation at 290 (solid traces) and 310 (dashed traces) nm, as extracted from the complete set of 2D spectra.
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the characteristic time constants and respective
amplitudes were obtained for each pair of (lpump,
lprobe) wavelengths [Fig. 3 and figs. S1 (MbCN)
and S3 (metMb)]. The plots in these figures con-
stitute the decay-associated dispersed action spec-
tra (DADAS), which are the 2D assemblies of
decay-associated spectra (DAS) [see (20) for more
details]. A cut of these spectra along the probe axis
provides the conventional (1D) DAS, that is, the
spectra associated with the respective time con-
stants for a fixed excitation wavelength. A cut
along the excitation axis provides the action spec-
trum of the observed kinetics.

Six time constants are necessary to describe
the observed transients. For MbCN, the three ex-
tracted fast components, <300 fs, 1.1 T 0.1 ps, and
4.4 T 0.2 ps (error bars represent standard de-
viations, table S1 and fig. S1), are in good agree-
ment with previous ultrafast visible and IR studies
(22, 24, 25). These components are detected at
all excitation wavelengths, and their action spec-
tra (Fig. 3D and figs. S1 and S2) agree with the
MbCN heme absorption; that is, they reflect the
heme relaxation.

Three additional time constants (19 T 1 ps,
140 T 10 ps, and ≥2.5 ns; table S1 and Fig. 3, A to
C) are necessary to describe the system kinetics
for excitation below ~305 nm. The 19- and 140-ps
components agree with the known Trp14 and Trp7

fluorescence decays, respectively (7, 11, 12). The
transient spectra along the lprobe axis are domi-
nated by the Trp ESA, with two strong absorption
features at ~303 nm and below 275 nm, separated
by a minimum because of the Trp GSB. The same
pattern of results and time scales is found for
metMb (table S1 and fig. S3).

The ≥2.5-ns (>0.7-ns in metMb) component,
in contrast, was not reported before. Although
this state is only produced by excitation below
~305 nm, its probe spectrum (Figs. 2C and 3, C
and D) is significantly different from the 19- and
140-ps DAS. None of the Trp ESA bands are
present, whereas an absorption band appears at
325 nmwith a shoulder at 307 nm (Fig. 3E). This
strongly suggests that the state responsible for
this transient cannot be associated with an ex-
cited Trp. The 19-ps DAS (Fig. 3E) contains, in
addition to the typical features of the Trp decay
(see trace of the 140-ps DAS), a component that
matches the mirror image of the >2.5-ns DAS,
indicating a population growth of the long-lived
state with a time scale of 19 ps, suggesting that
it is generated by the decay of Trp14. The data
analysis for metMb yields similar temporal and
spectral behaviors (fig. S3 and table S1).

Figure 3F shows typical cuts of the >10-ps
DADAS. For the decay of the two Trp molecules
and the 2.5-ns component, the traces are in

agreement with the spectral shape of the Trp
steady-state absorption in a pH = 7 buffer, but
they all show a small red shift with respect to it.
The Trp14 absorption and the action spectrum of
the ≥2.5-ns component coincide and show a small
red shift (~1 nm) with respect to the Trp7 absorp-
tion. A similar effect is observed also in metMb
(Fig. 3F, inset), but the shift of the Trp14 absorption
is larger (2.5 to 3 nm). This is briefly discussed in
the supplementary materials.

The good agreement of the action spectrum
of the long-lived state with the Trp14 absorption
confirms that this state is populated by the decay
of excited Trp14. To identify the nature of this
long-lived photoproduct, we carried out (1D) visi-
ble transient white-light probe measurements upon
290-nm excitation. Figure 4A shows the time-
wavelength plot for MbCN (fig. S5 for metMb).
In the Q-band region (500 to 600 nm), a double-
peaked structure grows on a 20-ps time scale and
lasts for over 700 ps (the limit of our measure-
ment). In the Soret-band region (380 to 450 nm),
a similar rise is observed for negative and posi-
tive transient bands, centered at 419 and 438 nm,
respectively. The spectral shape of this long-lived
state (Fig. 4B) agrees well with the difference
between ferrous and ferric MbCN spectra, indi-
cating the formation of a ferrous-MbCN (metMb)
photoproduct (26). The reduction quantum yield

Fig. 3. (A to C) DADAS of MbCN associated with the 19-ps, 140-ps, and ≥2.5-ns
components, respectively. Color scale is the same for the three plots; contour line
spacing is 0.2 mOD. Points along the diagonal were removed because of scattered
light. (D) DADAS associated with the heme relaxation, with a 4.4-ps time constant.
The excitation wavelength dependence of the signal reproduces the MbCN heme
absorption (see also fig. S2). (E) Cuts of theDADAS in (A) to (C) along the probe axis
at lpump = 290 nm. (F) Cuts at lprobe = 304 nm along the excitation axis of the (A)

to (C) plots (blue, green, and red lines, respectively). Traces were normalized to the
maximum amplitude and are compared to the Trp absorption spectrum in pH = 7
buffer (black). A small shift (0.5 to 1.5 nm) is observed between the Trp7 and Trp14

spectra. The action spectrum of the ≥2.5-ns state agrees well with the absorption
spectrum of Trp14, suggesting that this state is generated by excitation of Trp14.
(Inset) Same but for metMb. The Trp14 spectrum has a larger red shift (2.5 to 3 nm)
compared with Trp7 than in MbCN [see (20) for details]. a.u., arbitrary units.
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(QYr) upon 290-nm excitation is estimated from
the fraction of excited molecules and the number
of photoreduced molecules, which is in turn ob-
tained from the amplitude of the DAS associated
with the long-lived state compared with the dif-
ference between the reduced and nonreduced
MbCN (metMb) absorption spectra (see supple-
mentary materials). We find a quantum yield of 11
to 12% (corresponding to a reduction cross sec-
tion sred = sabs QYr ≈ 2 × 10−17 cm2) in both
MbCN and metMb. Under static conditions sred ≈
5 × 10−19 cm2 was measured for metMb under
290-nm irradiation (27), which implies that most
of the hemes photoreduced in our experiment re-
oxidize on time scales beyond our measurement
window. In fact, for both samples a decay of the
reduced state occurs on a 100- to 200-ps time scale,
which accounts for only 30 to 40% of the photo-
reduced hemes (Fig. 4 and figs. S4 and S5). This
may indicate a partial, fast back electron transfer.
The Trp cation radical is likely to be produced in an
excited state from the Trp-to-heme electron transfer
[similar to (28)]. A branching between deprotona-
tion and intersystem crossing to the ground state in
its relaxation may explain the partial electron hole
recombination: TrpH+ in the ground state would
allow for a fast back electron transfer, whereas de-
protonated Trp would prohibit it. Such an expla-
nation is reasonable but needs further confirmation.

The above data unambiguously support re-
duction of the heme by Trp14, overwhelming the
FRET process. No detectable electron transfer
from Trp7 is found. At 290 nm, Trp14 excitation
accounts for ~18% of the total number of excited
molecules (29). Thus, the quantum yield (QY) of
the Trp14→heme electron transfer is ≥60% in
MbCN and >50% in metMb. The time constants
for electron transfer obtained from the QYand the
observed decay times of excited Trp14 in MbCN
(metMb) are <34 ps (<40 ps).

Long-range (>5 Å) electron transfer in proteins
occurs either by tunnelling through covalent bonds

forming the secondary structure (21, 30) or by hop-
ping across specific intermediates (13, 16, 17, 31).
The distance dependence of the tunnelling proba-
bility through the protein medium follows an ex-
ponential behavior exp(-br) (32), where b can be
empirically determined, and differs for different
protein secondary structures (33). Pathway- (34)
and density-packing (35, 36) models account in
more detail for themolecular protein structure. The
edge-to-edge distance between Trp14 and the por-
phyrin ring is ~8 Å; the distance to the Fe atom is
~12 Å. Our observed rate is consistent with Marcus
theory (21, 37) assuming a well-optimized process
(Gibbs free energy of the redox reaction equals
reorganization energy) and b ~ 1.1 to 1.3 Å−1,
which is in good agreement with density-packing
predictions (35). The pathway analysis (34, 38)
allowed determination of a large number of elec-
tron transfer paths that are of relevance here. The
electron transfer is mediated by the residues of the
a-helix E located between the heme and the indole
ring of Trp14 and in (or close to) van der Waals
contact with the latter (Fig. 1 and fig. S7). The es-
timated time of >40 ns for electron transfer through
the ~13.5ÅTrp7-heme edge-to-edge distance, com-
pared with the 140-ps FRET time, explains the
dominance of the latter. Although it is not clear
whether electron transfer also occurs in ferrous
myoglobins, the invariance of the Trp14 lifetimes
with redox state and nature of ligand (11) strongly
suggests this to be the case.

The present studies, along with the examples
of Trp-mediated electron transfer in other pro-
teins (13–18), raise questions about its widespread
use in FRET studies of protein dynamics, espe-
cially when the acceptor is not fluorescent.
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Fig. 4. (A) Visible transient absorption after 290-nm excitation of MbCN. Positive signals are plotted in red;
negative feature appear blue. Signal intensity is shown by using an asinh scale, which enhances the weak features
between 500 and 600 nm, where two narrow bands rise within the first 50 ps. The solid line shows the kinetic
trace at lprobe = 572 nm (dotted line). A similar rise of the signal is present in the region of the Soret band (400 to
450 nm). (B) Comparison between the spectral shape of the long-lived signal observed in MbCN (red) and the
difference between ferrous (Fe2+) and ferric MbCN spectra (blue dotted line) (26). Because of the short lifetime
(~2min at–5°C) of Fe2+-MbCN, staticmeasurements below350nm, where the reductant (Na2S2O4) absorbs, are
not available. The spectral shape of the long-lived transient in metMb (green markers) shows good agreement
with the difference between deoxy-Mb and the ground-state absorption (black dotted line). Traces are vertically
shifted by –0.36 OD for clarity. Points between 375 and 415 nm were removed because of distortions from the
high optical density of the sample. Displayed signals are normalized to the same number of excited molecules.
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