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Deeply Inverted Electron-Hole
Recombination in a Luminescent
Antibody-Stilbene Complex

Erik W. Debler,™** Gunnar F. Kaufmann,?3"* Michael M. Meijler,>t Andreas Heine,t
Jenny M. Mee,?® Goran Pljevalj¢i¢,* Angel ]. Di Bilio,® Peter G. Schultz,®> David P. Millar,*
Kim D. Janda,>3*® lan A. Wilson,? Harry B. Gray,’§ Richard A. Lerner*>3§

The blue-emissive antibody EP2-19G2 that has been elicited against trans-stilbene has
unprecedented ability to produce bright luminescence and has been used as a biosensor in
various applications. We show that the prolonged luminescence is not stilbene fluorescence.
Instead, the emissive species is a charge-transfer excited complex of an anionic stilbene and a
cationic, parallel n-stacked tryptophan. Upon charge recombination, this complex generates
exceptionally bright blue light. Complex formation is enabled by a deeply penetrating ligand-
binding pocket, which in turn results from a noncanonical interface between the two variable

domains of the antibody.

n excited-state complex (exciplex) formed
Aby the interaction of an electronically

excited molecule with a ground-state
partner features charge transfer to a various
extent and typically exhibits structureless emis-
sion that is red-shifted from the emissive features
of its individual components (/, 2). Among the
rare examples of exciplex-like behavior in
proteins (3) is the conjugate of monoclonal
antibody EP2-19G2 with the trans-stilbene
hapten 1 (Scheme 1), which emits intense blue
light upon ultraviolet (UV) excitation (movie
S1) (4).

In striking contrast to this highly luminescent
complex, electronically excited trans-stilbene is
only weakly fluorescent in solution, owing to
efficient nonradiative decay via cis-trans isomer-
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ization (5). Unlike other antibody-stilbene com-
plexes (4, 6), the radiative lifetime of EP2-19G2-1 is
increased by more than two orders of magni-
tude with respect to free 1, which substantially
exceeds those of stilbene exciplexes formed with
small organic molecules (7). From extensive
examination of the structures and photophysical
properties of several antibody-1 conjugates, we
have concluded that the bright blue-emissive
species is a tryptophan:stilbene charge-transfer
excited complex that undergoes deeply inverted
electron-hole recombination in a rigid protein
matrix.

Guided by the crystal structure of EP2-19G2-
1 (4), we identified seven antibody residues in
van der Waals’ contact with the stilbene aromatic
system. These seven residues were then conserv-
atively mutated and the corresponding proteins
were expressed as single-chain variable antibody
fragments (scFv) (8, 9). Spectroscopic measure-
ments indicated that mutation of Trp™'* to Phe
(Trp™®Phe) and Tyr™** to Phe (Tyr"**Phe)
markedly reduced antibody-1 emissions when
compared to scFv wild-type (wt)-1 [Fig. 1B and
fig. S1 (9)]. As observed in the crystal structure

Scheme 1.

of the EP2-19G2-1 complex, the indole ring of
Trp™'% is nt-stacked parallel to the deeply buried

phenyl ring of the stilbene ligand at an inter-
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Fig. 1. (A) Steady-state absorption spectra of

1 (10 uM) and antibody-1 complexes (10 uM) in
PBS containing 3% DMF at room temperature. (B)
Steady-state emission spectra of 1 (20 nM) and
antibody-1 complexes (20 nM) in PBS containing
3% DMF at room temperature. Antibody was used
in large excess to ensure that the dye was com-
pletely bound by protein. (C) Time-resolved emis-
sion decay profiles of antibody-1 complexes (3 M)
obtained with picosecond excitation at 303 nm.
Decays were measured by time-correlated single-
photon counting. Decays were recorded in 4096
channels with a time increment of 22 ps/channel
and were normalized relative to the number of
counts recorded in the peak channel.
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planar distance of 3.5 A, whereas the Ter34
phenoxyl group is roughly perpendicular to the
stilbene molecule, pointing toward its central
double bond. Thus, we focused on these two
residues, with the wild-type and Tyr“*Phe
mutant scFv fragments acting as controls. To ex-
clude the possibility that the much weaker emis-
sion is the result of vastly diminished binding,

we confirmed that mutant scFv constructs still
bind tightly to hapten 1 (Table 1) (9).

The absorption spectra of Trp™'®*Phe-1 and
Tyr*Phe-1 closely resemble that of wt-1, fea-
turing well-resolved, vibronic features (Fig. 1A).
By contrast, the corresponding absorption sys-
tem of Tyr">*Phe-1 is less structured and similar
to that of free 1 in solution. The highly struc-

Table 1. Spectral data and affinities of antibody-1 complexes and hapten 1. All measurements
were made in phosphate-buffered saline (PBS) [10 mM sodium phosphate, 150 mM NaCl (pH 7.4)]
and 3% dimethyl formamide (DMF) cosolvent, at 20°C (9). Quinine bisulfate in 0.5 M H,S0, was
used as a quantum yield reference with ®; = 0.546 (29). The anisotropy r is defined as
r=(h=I1)/( +2I,), where I; and /L are the emission intensities measured parallel and
perpendicular to the vertical excitation polarization plane. The total emission intensity after pulsed
excitation was fit by the multi-exponential function /(t) = SZ; a;exp(-t/t;), convoluted with the
instrument response function, where S, o;, and t; are the overall scaling factor, decay amplitude,
and decay time of component i (9). The long component 1 of the emission decay (>20 ns) is
essentially abolished (amplitude a4 of less than 0.1%) in the Trp"'°3Phe mutant, and the relatively
high anisotropy of free 1 reflects the limited depolarization that can occur during the very short
lifetime of the excited state. A,ps and Aem, wavelength of absorption and emission maxima,
respectively; Ky, dissociation constant; NA, not applicable.

;\'abs )"em Kd

Complex () (o) @; r oy 77 (ns) (M)
scFv wt-1 324 409 0.57 0.20 0.173 22.7 1.7
scFv Tyr>*Phe-1 303 429 0.23 0.14 0.0219 34.5 3.9
scFv Tyr*Phe-1 323 416 0.55 0.19 0.247 30.3 2.0
scFv Trp"*%Phe-1 328 366 0.12 0.21 0.0009 15.6 2.0
Fab wt-1 325 409 0.71 0.23 0.330 22.8 0.3
1 307 385 0.02 0.31 1 0.0502 NA
Fig. 2. Electrostaticand A EP2-25C10

B EP2-19G2 &
shape complementarity > 5 2 f
of the hapten 1 in (A) '
the EP2-25C10 and (B)
the EP2-19G2 antibody-
combining site. Slices
through the center of the
binding sites are shown.
The heavy and light chains
are colored in blue and
green, respectively. The
electrostatic potential was
calculated in APBS (30)
and mapped onto the
surface with the color code
ranging from —30 kT/e
(bright red) to +30 kT/e
(dark blue). Both bind-
ing pockets are highly
apolar, but strongly dif-
fer in their depth and
penetration of the vari-
able antibody domain.
(€) Crystal structure of
purple-fluorescent an-
tibody EP2-25C10 in
complex with 1 (yellow).
The 2F, — F. electron den-
sity map around hapten
1 is contoured at 1.5c.
(D) Crystal structure of the blue-emissive antibody EP2-19G2 in complex with 1 (yellow) (4). Trp
undergoes parallel t-stacking with 1 and forms a charge-transfer complex in the excited state. In contrast,
stilbene 1 in EP2-25C10 does not engage in any m-stacking interactions with tryptophan.
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tured absorption system suggests that stilbene is
in a constrained environment within the binding
pockets of the Trp"'**Phe and Tyr*°Phe
mutants, whereas it appears to be less restricted
in the Tyr"**Phe protein, consistent with its
decreased affinity and fluorescence anisotropy
(Table 1).

The Tyr**Phe-1 complex exhibits less in-
tense, red-shifted emission compared with that
of wt-1 (Fig. 1B). By contrast, the emission
spectrum of Trp™'®Phe-1 differs markedly from
that of wt-1, with a large blue-shift (A, at 366 nm)
and even lower intensity (0.12 quantum yield)
than observed for the Tyr™>*Phe-1 (0.23), with a
vibronically structured shoulder on the low-energy
side. For comparison, both wt-1 and Ter36Phe-1
emit much more intensely, with quantum yields
0f 0.57 and 0.55, respectively (Table 1). Notably,
the scFv wt-1 emission quantum yield is lower
than that of Fab (fragment antigen binding) wt-1
(0.71) and is most likely attributable to a less
rigid binding pocket in the single-chain construct,
an interpretation that also is consistent with its
lower affinity for the hapten (Table 1).

Our steady-state emission measurements
show clearly that the Trp''* mutation greatly
enhances nonradiative decay of electronically ex-
cited EP2-19G2-1. By using picosecond, time-
resolved emission spectroscopy, we found that
the long component (>20 ns) of the multi-
exponential luminescence decay is essentially
abolished (amplitude <0.1%) in Trp™'*Phe-1
(Fig. 1C and table S1); this component, which is
a major feature in the radiative decay of both
wt-1 (17%) and Tyr™**Phe-1 (27%), is also
reduced substantially in Tyr™**Phe-1 (2%)
(Table 1). Because of the presence of a long de-
cay time, greatly exceeding the radiative lifetime
of 1 itself, we suggest that a Trp:stilbene charge-
transfer excited complex is responsible for the
slow emissive decay component.

Trp™% is a highly conserved framework
residue of the immunoglobulin fold and, owing
to its deep burial within the variable domain,
rarely interacts with antigens. However, the
Trp™'% indole closely associates with the “distal”
phenyl ring of 1 in the EP2-19G2-1 complex. If
this Trp:stilbene constellation were, indeed,
unique to the blue-luminescent antibody EP2-
19G2-1, we would expect a different ligand
interaction with Trp™'®® in purple- and blue-
purple—fluorescent antibodies obtained from
the same immunizations with hapten 1 (4).

To test this hypothesis, we determined the crys-
tal structure of the purple-fluorescent complex
of Fab EP2-25C10 with 1 to 2.5 A resolution
(table S2). EP2-25C10-1 has an emission max-
imum at 380 nm with a quantum yield of 0.27
and an average lifetime of 4.9 ns (4). The high
quantum yield with respect to free stilbene most
likely means that excited-state cis-trans isomer-
ization is disfavored in the complex because the
crystal structure shows that the stilbene mole-
cule is bound in a cavity of high shape com-
plementarity (Fig. 2A).
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The binding pocket of purple-fluorescent
EP2-25C10 (Fig. 2A) is as highly hydrophobic
as that of blue-luminescent EP2-19G2 (Fig. 2B),
suggesting that polarity effects do not account for
the 30-nm blue shift in its emission maximum.
However, the overall position of the stilbene
ligand within the variable part of the antibody is
appreciably different in these two antibodies; in
EP2-25C10, the stilbene is translated by 6 A
toward the protein surface and does not penetrate
the antibody-combining site as deeply as in the
EP2-19G2 complex (Fig. 2, A and B).

Consequently, the deep-seated Trp™'* inter-
acts minimally with stilbene in the purple-
fluorescent antibody, consistent with the relatively
high emission energy. Furthermore, no EP2-
25C10 tryptophan residue is involved in face-to-
face or face-to-edge mt-stacking interactions with
stilbene (Fig. 2C). The crystal structure of the
green-fluorescent antibody 11G10 in complex
with a donor-acceptor—substituted stilbene reveals
a binding mode similar to that in EP2-25C10 (6),
providing strong evidence that the parallel m-
stacking interaction of 1 with Trp'"'* is attrib-
utable to the unusually deep burial of stilbene
in the EP2-19G2 binding cavity.

Further structural analysis revealed that the
side-chain conformation of Trp™'%* is unusual in
EP2-19G2, whereas Trp™'® of EP2-25C10 cor-
responds to the canonical rotamer that is
prevalent in most antibody structures at this
position (Fig. 3B). However, superimposition of
the variable domains of EP2-19G2, based on the
conserved framework regions, with more than 20
other antibodies, including EP2-25C10 and
11G10, yielded large root-mean-square devia-
tions (greater than 2.0 A) (Fig. 3A) and revealed

a relatively rare disposition of heavy- and light-
chain variable (Vy and V1 ) domains with respect
to each other in this antibody (Fig. 3C). In
contrast, the individual EP2-19G2 Vy; and Vi
domains superimpose well onto their counter-
parts in other antibodies.

The geometry of the Vy/Vp interface in
antibodies is generally highly conserved through
invariance of ~15 side chains (/0, /7). Examina-
tion of the Vy/Vy interface of EP2-19G2
uncovered several notable deviations from the
canonical interface and revealed factors that may
synergistically contribute to the unusual relative
configuration of Vi and V. Large deviations in
the backbone conformations of the complemen-
tarity determining regions (CDRs) H3 and L3 are
introduced by Pro™'®' and Pro™®°, respectively
(Fig. 3C). Pro™° leads to a considerable displace-
ment of conserved framework residue Trp™*’
which, in turn, propagates this perturbation to
neighboring residues and strands in Vy (Fig. 3C).
The base of Vi and Vi also undergoes sub-
stantial rearrangements that include Ser™* and
GIn™'%. The latter residue now points toward
Vi, unlike that in all other superimposed anti-
body structures. Bulky side chains at the base of
CDR L1 and at the beginning of the subsequent
framework region (e.g., Tyr™** and Tyr=*®) also
rearrange considerably. Thus, substantial varia-
tions at the conserved Vy/Vy interface provide a
structural framework for the unusual mode of
ligand recognition in EP2-19G2 that is respon-
sible for the Trp:stilbene photophysics in the
antibody-1 complex.

Why, then, is the luminescence of EP2-
19G2-1 so intense? Consider steps 1 to 3 in the
following scheme (see also Fig. 4), where TrpH

Fig. 3. (A) Superimposition of the EP2-19G2 variable chains (Vy + V, domains) (red) onto other 20
catalytic antibodies (gray) based on framework regions. Only the Vy; domains are shown. Trp"**%® of
EP2-19G2 is represented as a red stick. The B strands of one (B sheet are labeled according to
convention and clearly deviate from the corresponding strands in other antibodies. (B) The highly
conserved Trp"% features an unusual rotamer in antibody EP2-19G2 with respect to the indole
side chains in the other antibodies. (C) Key residues at the V,/V, interface of EP2-19G2 (blue and
green) and of a representative canonical antibody (in this case, Diels-Alder catalytic antibody
13G5, PDB ID code 1A3L, gray). Considerable structural displacements and reorientations occur
over the entire interface. For clarity, some regions of EP2-19G2, as well as the backbone of 13G5,

were omitted and not all conserved contacts, such as the bidentate hydrogen bond between Gln

H39

and GIn"*8, are displayed. The CDRs H3 and L3 are labeled.

represents the Trp" % indole side chain carry-

ing the N-H ring proton and /v is the photon
energy:

1. [1/TrpH] + Av — [1*/TrpH]

2. [1%/TrpH] — [1"/TrpH" ]*

3. [17/TrpH ™ |* — [1/TrpH] + hv'

In the first step, 1 absorbs a photon upon ultra-
violet (UV) illumination. Because the singlet
excited state of stilbene is a strong electron ac-
ceptor (/2—14), an electron is transferred very
rapidly from Trp™® to 1* to form a charge-
transfer excited complex (step 2). Conversion of
singlet-excited stilbene to the charge-transfer
state does not occur at low temperatures, as only
stilbene fluorescence is seen below 240 K (4).
Owing to their close parallel interaction, the two
aromatic rings in this charge-transfer state are
tightly bound, which greatly disfavors nonradia-
tive decay, because coupling of this deep and
narrow excited well to the ground-state potential
energy surface would be very weak (Fig. 4). As a
result, radiationless deactivation would be ex-
pected to be much slower than radiative decay,
hence giving rise to the exceptionally bright blue
emission (step 3). Because the driving force for
charge recombination is much greater than a
reasonable estimate of the reorganization energy,
and its rate is orders of magnitude lower than
predicted for coupling-limited electron tunneling
over a short distance in a folded polypeptide, we
conclude that the intense luminescence is attrib-
utable to deeply inverted electron transfer (15, 16).

A

[1/TrpHT" 1ToH

Vem Vabs

blue
light

1/TrpH

Q(1~-Trp)

Fig. 4. Ground- and excited-state potential
surfaces for EP2-19G2-1. After UV excitation of
1 (step 1), the stilbene excited singlet oxidizes
Trp"% to produce the charge-transfer complex
(step 2); the interplanar distance Q between the
cation radical Trp"'®® and the stilbene anion 1 is
shorter than in the ground state, owing to strong
electrostatic binding in the hydrophobic protein
cavity. In step 3, the excited charge-transfer
complex returns to the ground state via electron-
hole recombination that generates bright blue
light in the rigid site. Radiative decay in the
purple-fluorescent antibody EP2-25C10 occurs
from the stilbene singlet excited state.
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In view of this light-generating mechanism, the
“blue-fluorescent antibody” EP2-19G2 should
really be called a “blue-emissive” or “blue-
luminescent” antibody.

Because roughly 3 eV of photon energy is
stored in the charge-transfer excited state, it is
predicted to be both a powerful reductant and
oxidant. We examined the redox activity of the
charge-transfer state in experiments in which
irradiation of EP2-19G2-1 was followed by
flash-freezing, yielding a weak electron para-
magnetic resonance signal that is attributable
to a neutral tyrosyl radical having a small dihe-
dral angle [fig. S2 (9)] (/7). We suggest that a
relatively small population of charge-transfer
states decays by electron transfer from a tyrosine
to the tryptophan radical cation, a proposal that
is supported by our finding that the addition of
an electron acceptor, namely [Co(NH;)sCI*",
greatly enhances the radical signal (/7). It is
likely that the stilbene anion radical in the
charge-transfer state would be oxidized rapidly
by Co(Ill), leaving the Trp cation radical with-
out its electron-transfer partner. The flash-
quench—generated [1/TrpH""] cation would then
have time to oxidize any nearby protein residue,
and our experiments show that tyrosine is the main
electron donor.

Charge separation and recombination be-
tween a chromophore and tryptophan or tyrosine
have been investigated previously in other sys-
tems (/8-21). Very efficient fluorescence quench-
ing is observed in most cases. Notably, the loss of
fluorescence is due to very rapid charge recombi-
nation following femtosecond electron transfer
between riboflavin and a parallel, n-stacked
tryptophan after electronic excitation of the
riboflavin-binding protein (/8). Similarly, the
strong fluorescence of fluorescein is quenched
upon binding to antibody 4-4-20 via electron
transfer from a parallel, n-stacked tyrosine in the
antibody-combining site (79, 20); further, the
fluorescence of an anticalin-fluorescein complex
is efficiently quenched by rapid electron transfer
from either a coplanar tryptophan or tyrosine to
singlet excited fluorescein (27). We conclude that
the very bright blue luminescence of EP2-19G2-1
is attributable to electron-hole recombination
of the Trp:stilbene charge-transfer excited state
held in the rigid EP2-19G2 matrix that dis-
favors nonradiative decay.

Protein luminescence (22) only rarely (if
ever) occurs by electron-hole recombination in
a charge-transfer excited state embedded in a
polypeptide matrix. The distinctive photophys-
ical properties of the antibody-stilbene complex
have already been exploited in chiral sensing
for high-throughput screening for the evalua-
tion of catalysts in asymmetric synthesis (23, 24),
sensing mercury (25), DNA hybridization assays
(26, 27), and for analysis of accessible cysteine
residues on viral surfaces (28). The programmed
generation of antibodies against other chromo-
phores may yield novel protein-ligand systems
with similar charge recombination-induced lumi-

nescence phenomena and further biosensor
applications.
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Land Clearing and the
Biofuel Carbon Debt

Joseph Fargione,* Jason Hill,%* David Tilman,?* Stephen Polasky,*> Peter Hawthorne?

Increasing energy use, climate change, and carbon dioxide (CO,) emissions from fossil fuels make
switching to low-carbon fuels a high priority. Biofuels are a potential low-carbon energy source,
but whether biofuels offer carbon savings depends on how they are produced. Converting
rainforests, peatlands, savannas, or grasslands to produce food crop—based biofuels in Brazil,
Southeast Asia, and the United States creates a “biofuel carbon debt” by releasing 17 to 420
times more CO, than the annual greenhouse gas (GHG) reductions that these biofuels would
provide by displacing fossil fuels. In contrast, biofuels made from waste biomass or from
biomass grown on degraded and abandoned agricultural lands planted with perennials incur little
or no carbon debt and can offer immediate and sustained GHG advantages.

emand for alternatives to petroleum is
increasing the production of biofuels
from food crops such as corn, sugar-
cane, soybeans, and palms. As a result, land in
undisturbed ecosystems, especially in the Amer-

icas and Southeast Asia, is being converted to
biofuel production as well as to crop production
when existing agricultural land is diverted to
biofuel production. Such land clearing may be
further accelerated by lignocellulosic biofuels,

www.sciencemag.org SCIENCE VOL 319 29 FEBRUARY 2008

1235



Deeply Inverted Electron-Hole Recombination in a Luminescent
Antibody-Stilbene Complex

Erik W. Debler et al.

Science 319, 1232 (2008);

AVAAAS DOI: 10.1126/science.1153445

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

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

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of May 1, 2015 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/319/5867/1232.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2008/02/28/319.5867.1232.DC1.html

This article cites 25 articles, 5 of which can be accessed free:
http://www.sciencemag.org/content/319/5867/1232. full. html#ref-list-1

This article has been cited by 9 article(s) on the ISI Web of Science

This article has been cited by 2 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/319/5867/1232.full. html#related-urls

This article appears in the following subject collections:
Chemistry
http://www.sciencemag.org/cgi/collection/chemistry

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2008 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on May 1, 2015


http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/319/5867/1232.full.html
http://www.sciencemag.org/content/suppl/2008/02/28/319.5867.1232.DC1.html 
http://www.sciencemag.org/content/319/5867/1232.full.html#ref-list-1
http://www.sciencemag.org/content/319/5867/1232.full.html#related-urls
http://www.sciencemag.org/cgi/collection/chemistry
http://www.sciencemag.org/

