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ABSTRACT: Polarized absorption spectra of orthorhombic crystals of wild-type green fluorescent protein
(GFP) were measured between 350 and 520 nm to obtain information on the directions of the electronic
transition dipole moments (mb ) of the chromophore relative to the molecular axes. The transition dipole
moment orientation is a basic spectroscopic parameter of relevance to biologists when interpreting Fo¨rster-
type fluorescence resonance energy transfer data and for comparing absorbance and fluorescence spectra
of GFP with quantum chemical calculations. Maximal extinction was obtained throughout the spectrum
when the polarization direction of the electric vector of incident light was parallel to thec-axis of the
crystal. The transition dipole moments were assumed to be parallel to the plane of the chromophore.
With this assumption and the measured dichroic ratios in the crystals, the transition dipole moments
associated with the neutral (λmax ) 398 nm) and anionic (λmax ) 478 nm) forms of the chromophore were
found to subtend angles of∼26° and 13° (counterclockwise), respectively, with the vector that joins the
phenolic and imidazolinone oxygen atoms of the chromophore.

The unprecedented popularity of the green fluorescent
protein from the jellyfishAequoreaVictoria stems from its
endogenous cofactor, ap-hydroxybenzyledineimidazolinone
group (Figure 1a;1) that forms spontaneously as part of the
protein folding process when the backbone of residues Ser65-
Tyr66-Gly67 cyclizes and dehydrates (2, 3). After a further
oxidation step, the resulting extended aromatic chromophore
interacts strongly with neighboring residues within the 11-
strandedâ-barrel can (Figure 1b;4, 5) and exhibits intense
fluorescence (Φ ∼ 0.79;6). Perturbation of the chromophore
constitution or of its immediate environment through the
mutagenesis of key residues yields protein variants with
altered spectroscopic and chemical properties (7). These
characteristics have been exploited widely in conjunction
with constantly evolving optical microscopy techniques to
investigate biological processes such as protein expression,
cell trafficking, localization, and function. In addition, GFP1

variants have been engineered to act as biosensors of
intracellular pH (e.g., ref8), viscosity, local ion concentra-
tions (e.g., ref9), and redox potential (10). Because labeling
the target system is achieved genetically even before protein
expression and because in many of these protein chimeras
the attached GFP does not appear to affect the properties of
the target, the versatility of GFPs as imaging tools is unique.

Under native conditions, the chromophore in wild-type
GFP exists primarily in one of two states that are in a pH-
linked equilibrium. The A-state, associated with the neutral
form of the chromophore, is characterized by a broad
absorbance band centered at 398 nm that remains largely
featureless on freezing down to 77 K (11). With increasing
pH, deprotonation of the chromophore is accompanied by
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FIGURE 1: (a) Chemical structure of thep-hydroxybenzyledine-
imidazolinone group that is the fluorescent chromophore in the
green fluorescent protein fromAequoreaVictoria. 65 and 67
represent two of the three contiguous residues in the amino acid
sequence from which the imidazolinone ring forms (Ser65-Tyr66-
Gly67, respectively). Selected atoms are labeled according to the
nomenclature used in the crystal coordinate data file 1EMB (29)
“Clockwise” in the text refers to rotations based on the orientation
of the chromophore as shown here. (b) Two views of a ribbon
representation of the green fluorescent protein fromAequorea
Victoria showing the chromophore within the interior of the eleven-
strandedâ-sheet cylinder.
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the rearrangement of neighboring residues within the chro-
mophore cavity (12). The resulting B-state absorbs at 478
nm and, unlike the neutral chromophore, exhibits a prominent
Stark effect as well as resolved vibronic structure at cryogenic
temperatures (13). At room temperature, excitation of either
the A- or B-states results in fluorescence at wavelengths
longer than 500 nm. Short-lived (picosecond) fluorescence
can be detected between 420 and 470 nm upon excitation of
the A-band. However, a picosecond excited-state proton-
transfer process competes with direct fluorescence from A*
by converting this species into an intermediate I* that
resembles B* electronically and fluoresces above 500 nm
(11).

The direction of the transition dipole momentmb is the
cornerstone of any spectroscopic application for which the
interpretation of results depends on geometric factors. In
Förster-type fluorescence resonance energy transfer (FRET)
experiments, for example, the rate depends strongly on the
projection of the emitting transition dipole moment onto that
of the absorbing dipole (theκ2 factor; 14). The high
fluorescence anisotropy exhibited on excitation of either the
A- or the B-states, under conditions where protein rotation
are minimized (r ) 0.22-0.38; 480-600 nm;11) show that
the absorption and emission transition moments of both
protonation states are within a few degrees from one another.
To translate observed FRET or other orientation-dependent
measurements into molecular terms, however, the directions
of the transition dipole moments with respect to the molecular
axes of the protein must be mapped. This spectroscopic
parameter has been determined successfully for a number
of biologically relevant chromophores by measuring the
polarized absorption spectra of single crystals (15-19). In
the case of proteins where the chromophore of interest is
encapsulated by the polypeptide (20-25), the protein matrix
both provides a fixed orientation and maintains a considerable
distance between chromophores so that interchromophore
interactions have a minimal effect on the electronic absorp-
tion. This ideal situation is sometimes referred to as an
“oriented gas” of chromophores. In the following we report
the results of measurements on orthorhombic crystals of wild-
type GFP to establish the orientation ofmb with respect to
the molecular axes of the protein. A preliminary account of
these results was presented at a recent conference (26). While
this work was being prepared for publication, a paper
appeared on the fluorescence polarization of GFP single
crystals (27). The relationship between fluorescence and
absorption experiments is discussed.

EXPERIMENTAL PROCEDURES

Protein Preparation and Crystallization. Wild-type GFP
was expressed essentially as described elsewhere (28) with
E. coli BL21(DE3)pLys and the plasmid pRSETb-GFP.
R-Chymotrypsin which had been incubated for 1 h atroom
temperature in 20 mM HEPES buffer, pH 8.0, was added
(1:25 w/w; Sigma) to cleave theN-terminal poly-His
purification tag. After overnight incubation at room temper-
ature, the protease was deactivated by addition of PMSF to
100µM. The resulting protein mixture was filtered through
a fresh Ni-NTA agarose chromatography column, and the
unretained GFP was collected for further purification by
anion exchange chromatography (Toyopearl DEAE-650S).
The fractions of the wild-type protein exhibiting an absor-

bance ratio (A397/A280) g 0.8 were pooled, concentrated and
exchanged into 10 mM Tris buffer, pH 8.0 for crystallization.
Protein concentrations were estimated at each step based on
an extinction coefficient of 26 mM-1 cm-1 at 280 nm.

Crystallization of the protein (∼15 mg/mL) was achieved
with a few modifications to the protocol of Brejc et al. (29).
The principal differences are that crystallization was induced
initially by triturating a crystal of the Ser65Thr variant to
microseed the crystallization, sodium azide was excluded
from the mother liquor solution, and the crystals were
obtained by hanging drop vapor diffusion. After 2-3 weeks,
small, needlelike crystals were collected, washed with 10
mM Tris buffer pH 8.0, and incubated overnight at room
temperature in 4-5 volumes of buffer. The protein that
dissolved during this incubation period was collected and
used in a second round of crystallization. This time,
microseeding was either not performed or achieved with
fragments of a crystal of the wild-type protein. The mixtures
were incubated at room temperature until crystals large
enough for spectrophotometric analysis under a microscope
could be collected.

Crystals were washed in fresh mother liquor (20% PEG
4000, 50 mM potassium phosphate buffer, pH 3.8) and
transferred to a 50µL buffer droplet (1:1 mixture of mother
liquor and 10 mM Tris buffer, pH 8.0) on a clean quartz
microscope slide. Before sealing the samples, crystals were
manipulated to lie flat on this slide. Clean 2× 2 × 0.075
cm quartz plates were used as coverslips, and seals were
achieved with 120µm thick, double-sided, self-adhesive
spacers (Molecular Probes). Crystals were selected for
examination if they met a list of criteria intended to minimize
optical distortions and to ensure that the samples under
scrutiny were monocrystalline. First, the edges along the
length of the crystal were in focus under the microscope,
and the surface appeared blemish/crack free. Crystals near
air bubbles were either moved to avoid interference from
geometric stray light arising from a meniscus, or they were
not used for measurements. Finally, the crystals between
crossed polarizes exhibited uniform fluorescence and uniform
color changes when turning the polarization of white light
illumination incident normal to the crystal.

Absorption Dichroism Measurements. Absorption of plane
polarized light by single crystals of wild-type GFP was
measured with a Zeiss Photomicroscope II fitted with a
photodiode detector (EG&E, HUV-1100BQ), the output of
which was fed into a lock-in amplifier (SR850, Stanford
Research Systems). Light from a 300 W xenon arc lamp was
dispersed with a single grating monochromator (Spex Model
1681,f ) 0.22m, 1.25-2.50 mm slits, 3.7 nm/mm dispersion
at 500 nm, 0.25 nm resolution), chopped (400 Hz), focused,
and collimated into the microscope with quartz lenses. The
monochromator was calibrated with the 632.8 nm line of a
HeNe laser and checked frequently with sharp band-pass
filters. The light was polarized with a Glan-Thompson
polarizer, masked with an adjustable, rectangular slit to limit
the field of illumination to the area encompassed by the
crystal under scrutiny, and focused on the crystal with a 10x
substage objective. The transmitted light was collected with
either a 16× or a 20× objective lens, and any fluorescence
(λ > 500 nm) was rejected with a short-pass filter that was
placed immediately in front of the detector. Geometric stray
light (18) encountered with this setup was estimated to be
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of the order of the dark current of the detector (∼5 µV,
chopped) and therefore not significant except at very high
optical densities. The intensity of the transmitted light as a
function of wavelength (with light polarized atE||c andE⊥c)
or polarization angle (monitored at 410 and 470 or 475 nm)
was measured and transformed to absorbance using blanks
collected by sliding the sample to a clear region immediately
beside the crystal. This transformation also compensated for
the small polarization bias of the microspectrophotometer.
An experimental uncertainty of(2° is associated with the
angle of polarization. The maximum absorbance that could
be measured with confidence (<3) was determined from a
calibration of the setup with respect to a Perkin-Elmer
Spectrophotometer, Model Lamda12, with a combination of
neutral density filters that were placed in the light path (410
nm) immediately in front of the microscope.

Trigonometric Analysis. The analysis of the absorption
anisotropy of a crystal ofP212121 symmetry was described in
an earlier polarization spectroscopy study conducted on
single crystals of a chlorophyllide-apomyoglobin complex
(24). A key simplifying assumption is that allmb lie in the
plane of the chromophore. Because of this assumption, it is
not necessary to measure the absorption dichroism along all
three principal dichroic axes of the crystal. This is often not
possible, as in the present case, because the crystals tend to
grow as needles that are difficult to align with the long axis
parallel to the incident beam, or the dimensions limit light
throughput either because of small cross-sectional area or
because of a long path length.

An orthogonal axis system is defined by the axesø, ψ,
andú so that theøψ plane is parallel with the chromophore
plane (Figure 2). Theø-axis is chosen to lie parallel to the
ac plane of the crystal, and it acts as the reference axis from
which the angle tomb is traced. In this coordinate system,
the transition dipole moment can be described in terms of
its components along these axes according to eq 1:

whereθ andφ are the angles betweenmb and theø and z
axes, respectively, and the carats denote unit vectors.
Because, as mentioned above, the out-of-plane component
of the transition moment (i.e., thez-component) is assumed
to be nonexistent, the third term is dropped, andmb is defined

primarily in terms of itsθ terms. Furthermore, the absorp-
tion dichroism observed with light incident normal to theij
plane of the crystal (wherei and j ≡ a, b, or c crystal-
lographic axes) is proportional to the squares of the pro-
jections of the transition moment onto the crystallographic
axes:

Note that all four chromophores in the unit cell will exhibit
the same dichroism by virtue of the space group symmetry.
Therefore, selecting the chromophore for which the direc-
tional cosines are positive, eq 2 can be reformulated in terms
of the crystallographic axes using the transformation opera-
tions shown below:

whereR ) 1 - zc
2. The directional cosines,|za| ) 0.461,

|zb| ) 0.880, and|zc| ) 0.114, were determined from the
published crystal structure of wild-type GFP (Protein Data
Bank code 1EMB; (29); see Supporting Information). In this
model, the planes of the four chromophore in each unit cell
are nearly perpendicular to theab crystal plane, but they
are inclined approximately 25 and 65° relative to theac and
bcplanes, respectively. Consequently, the polarization ratios
measured with light incident normal to theac or bc faces of
the crystal are expected to be very similar.

The dependence of the measured polarization ratios as a
function of the angleθ are given by2

Thus, recalling thatθ in this case is the angle between the
transition moment and the reference axisø, a plot of eqs 4
and 5 (Figure 3) illustrates the magnitude of the dichroic
ratios expected as a function of this angle.

RESULTS

GFP Crystals. Crystallization of wild-type GFP under the
conditions used here yields protein crystals ofP212121 sym-
metry with four monomeric chains per unit cell. Diffraction
data were not collected; however, the dimensions (∼0.03-

2 Equation 6 is included in the text to correct a typographical error
in ref 24.

FIGURE 2: Coordinate axes systems that relate the orientation of a
transition dipole moment (mb ) of the GFP chromophore as defined
by the plane of the benzyledineimidazolinone group (ø, ψ, z) to
the crystallographic axes (a, b, c). ø andψ are in the plane of the
chromophore that is illustrated as a rectangle.ø is also the
intersection of theac and the chromophore planes.θ represents
the angle betweenø and the transition dipole moment in the plane
of the chromophore.

mb ) ø̂ cosθ + ψ̂ sin θ + ẑ sinφ (1)
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0.08 mm to a side and 0.3 mm long) and morphology of
these crystals (i.e., hexagonal needles) are comparable to
those reported elsewhere for the orthorhombic form (4, 29).

The crystals used for spectrophotometric investigation
were of varied thickness and widths so that a range of optical
densities (1.8-3.8 for A410 and 0.4-2.2 for A470) was
sampled. Smaller crystals were rejected because of problems
inherent in masking an area large enough for reliable
transmittance measurements while avoiding geometric stray
light. At the opposite extreme, measuring the high optical
densities associated with larger crystals was also unreliable
because of the reduced transmittance. Therefore, spectral
regions with absorbance values greater than∼3 were
considered in the analyses only for qualitative purposes. Next,
fluorescence from the crystal, most evident when the sample
was placed between crossed polarizers, was interpreted as
an indication that the protein retains the native fold in the
crystal. Because this fluorescence interfered significantly with
the absorbance measurements, a short-pass filter (transmit-
tance < 490 nm) was included immediately before the
detector to avoid artificially higher apparent transmission
readings arising from fluorescence. With this arrangement,
essentially no light above background could be detected over
the wavelength range of interest indicating that crystal
birefringence was not significant. In addition to exhibiting
fluorescence, the protein in the crystals appeared to be stable
during the course of a day’s measurements. Little or no
photoconversion from the A- to B-states of the protein was
evident from the absorption even after prolonged (days)
irradiation at 410 nm. However, protonation of an increasing
number of molecules did appear to take place over the course
of a few days in response to the pH of the crystal mounting
solution (pH ∼3.9). In this environment, the crystallized
protein presumably titrated slowly so that the A-state became
more populated with time at the expense of the B-state.

Absorbance Polarization Measurements. Figure 4 shows
the absorbance of wild-type GFP crystals at 410 and 475
nm as a function of the polarization angle (θp) fitted to the
relation expected for an orthorhombic crystal as derived by
Simpson and co-workers (17, 30):

Good agreement of these data to eq 7 has been used in
previous studies to assess the quality of similar dichroism
measurements on single crystals (18, 24, 30). From the
parameters obtained by fitting the polarization angle modula-
tion (i.e., OD||c and OD⊥c), the averaged polarization ratios
at 410 and 470 nm were determined to be 1.6 and 4.7,
respectively.

Crystals of the Ser65Thr variant, whose chromophore is
predominantly in the anionic form, also exhibit greatest
extinction at 450 and 480 nm when incident light is polarized
parallel to the crystallographicc-axis. The averaged polariza-
tion ratio calculated after fitting the angular dependence of
the crystal absorbance to eq 7 is 3.0, in contrast to the
nominally equivalent value of 4.7 determined for the wild-
type protein B-state absorption. At first sight, this difference
could be interpreted to stem from different orientations of
mbB (i.e., the transition dipole moment direction of the anionic
form in the plane of the chromophore of this variant and of
wild-type GFP). However, we note that from the directional
cosines of the chromophore in the three-dimensional models
of the Ser65Thr variant (1EMA (4), 1C4F, or 1EMG (12)),
the plots of eqs 4 and 5 shift appreciably to compensate in
some cases for the difference in polarization (see supple-
mentary information).

The spectra of a protein crystal measured with the electric
vector of incident light parallel (E||c) or perpendicular (E⊥c)
to the crystallographicc-axis are shown in Figure 5. The
associated polarization ratio calculated as a function of
wavelength (i.e., (E||c/E⊥c)) is illustrated in the inset. Of the
two crystal spectra,E⊥c resembles the solution spectrum more
closely (dotted line, pH∼3.7). Scrutiny of these spectra
reveals that in the region of the B-band, the absorption of
light polarized along thec-axis (i.e.,E||c) is approximately
4-fold greater than when it is polarized perpendicular to this
crystal axis. This high dichroism spans the wavelength region
from 430 to 500 nm, while in the A-band region the
absorption profiles of the crystal differ only by∼20%. The
difference in the polarization ratios observed for the neutral
and anionic forms of the chromophore implies that the
transition moments of the two species are not parallel to one
other. From the polarization ratios and with the assumption

FIGURE 3: Polarization ratios derived from eqs 4 and 5 as a function
the angleθ between the transition dipole moment of the chro-
mophore in wild-type GFP and the reference axisø when viewed
with light incident to theac (s) or bc (---) crystallographic planes.
The values cited in the column on the right side of the graph are
the averaged linear dichroism values determined at 410 and 470
nm, for the A- and B-states, respectively (see Figures 4 and 5).

FIGURE 4: Angular dependence of the absorption of plane-polarized
light by an orthorhombic crystal of wild-type GFP (pH∼3.9)
measured at 410 (0) and 475 (9) nm. θp refers to the angle
subtended between theE field of the incident plane-polarized light
and the crystallographicc-axis. The curves are the results from least-
squares fitting of the data to eq 7 and yield the ratios (OD||c/OD⊥c)
that are shown on the right side of Figure 3.

OD(θp) ) -log[10-OD||ccos2 θp + 10-OD⊥csin2 θp] (7)
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that both transition moments lie in the chromophore plane,
a set of four projections ofmb are found that satisfy eq 4 and
a second set of four projections that satisfies eq 5 (Figures
3 and 6). Finally, the trigonometric analysis described in the
Experimental Section yields a value for the angleθ but no
information regarding the direction on the plane of the
chromophore with respect to the reference axisø. Conse-
quently, each set of four projections is doubled to yield a
total of 16 projections from which possible physical orienta-
tions of mb can be identified.

The scatter in the polarization ratios collected for different
crystals introduces an uncertainty in the derived orientation
of mb of ( 4°. Also, as illustrated by the differences found
in the dichroism associated with wild-type GFP crystals and
those of the Ser65Thr variant (see supplementary informa-
tion), the conclusions from this analysis depend strongly on
the accuracy of the chromophore coordinates. Both the
protonated and deprotonated forms are present in the crystals.
At the resolution of the crystal model of wild-type GFP (2.13
Å), for example, it is possible that the chromophores that

are deprotonated have a slightly different orientation than
do the majority of molecules that are in the neutral state.
Although Remington and co-workers do not report explicitly
such heterogeneity in the chromophore coordinates as they
do for a number of residues in the model 1EMB (e.g.,
Thr203), subtle structural differences between the two
protonation states of the chromophore may contribute ap-
preciably to the difference between the orientations of the
projections ofmbA andmbB.

DISCUSSION

Transition Dipole Moment Orientations.Analysis of the
absorption polarization dichroism exhibited by orthorhombic
crystals of wild-type GFP yields a number of solutions that
represent the projections onto the crystallographic axes of
the transition dipole moment of each of the two protonation
states of thep-hydroxybenzyledineimidazolinone group
(Figure 6). These solutions are illustrated for the neutral and
anionic forms of the chromophore (panels A and B,
respectively). To identify the orientation of thesemb with
respect to the molecular axes from these sets of projections,
the directions must be consistent with a number of observa-
tions. First we recall from the angular dependence of the
crystal absorbance (Figure 4) that maximal extinction of light
throughout the spectrum is achieved with light polarized
along the crystallographicc-axis. This result establishes an
upper limit of 45° for the angle subtended between the
projection ofmb and thec-axis of the crystal. A greater angle
would result in greater extinction perpendicular toc instead.
Upon inspection of the relative orientation of each of the
four protein chains in a unit cell of the crystal, an area was
identified as illustrated in Figure 6 by the gray arches that
encompasses the boundaries within which the transition
dipole moments of the chromophore may reside. This
condition excludes approximately half of the projections
shown in the figure, the vector parallel to the long axis of
the chromophore which is parallel to a line between CG2
and CA2 in Figure 1 (hitherto assumed in the literature to
be the direction of the transition moment), and the orientation
determined by INDO/S-CI calculations (∼8°, counterclock-
wise, from the exocyclic double bond between CB2 and CA2
in Figure 1;31).

Next, we note that the room-temperature fluorescence
anisotropy of wild-type GFP in a 90% glycerol solution is
∼0.38 regardless of whether the sample is excited at 397,
405, or 477 nm (data not shown). These results indicate that
the absorption and fluorescence transition dipole moments
of the anionic form of the chromophore (mbB, B-state, 477
nm) are essentially coincident. Likewise, the absorption
transition moment of the neutral form (mbA, A-state, 390 nm)
is nearly parallel to the emission transition moment of the
excited intermediate species that forms following excited-
state proton transfer of the A* -state (11). Because the
electronic structure of this intermediate form of the chro-
mophore is likely similar to that of the B-state, the orienta-
tions of the transition dipole momentsmbA and mbB are
probably very similar also. An indication that these orienta-
tions may be subtly different comes from the fluorescence
anisotropy of GFP measured at 77 K (11). Under these
conditions the value ofr dips noticeably at∼490 nm from
its value above 500 nm (r ∼ 0.3) on excitation of predomi-

FIGURE 5: Comparison of the absorption spectra of an orthorhombic
single crystal of wild-type GFP (s) measured with the electric
vector (E) of plane polarized light parallel (||) or perpendicular
(⊥) to the crystallographicc-axis. The spectrum of the protein in
solution measured at pH 3.7 is shown for reference purposes, and
the inset shows the wavelength dependence of the polarization ratio.

FIGURE 6: Possible orientations of the transition dipole moments
mb of thep-hydroxybenzyledineimidazolinone group in the neutral
(A) and anionic (B) forms of this fluorophore in wild-type GFP.
These orientations represent the projections of the transition
moments of each of the four units in each unit cell of the crystal
onto the crystallographic axes. The projections shown as bold,
double-headed arrows are the solutions selected based on the criteria
and assumptions outlined in the text. The arches shown in gray
delineate the maximum inclination (45°) with respect to the
crystallographicc-axis that is possible for the direction ofmb to
yield maximal extinction along the length of the crystal. The
equations of the unit vectors that express the orientations of the
dipole moments in terms of the coordinate axes system defined in
the Protein Data Bank (1EMB) arembA ) 0.55a + 0.20b - 0.81c
andmbB ) 0.74a + 0.22b - 0.63c.
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nantly the A-state (404 and 423 nm; fluorescence from I*).
By comparison, there is no evidence of this dip when the
B-state is excited directly (471 nm), thus suggesting that the
orientations of the emission moments of B* and I* are not
exactly the same. These observations neither reduce the
number of possible orientations ofmbA andmbB, nor do they
answer the question of whether there is a protonation state-
dependent structural difference in the crystal lattice, but they
link the two transition moments to reside in a similar
orientation. Therefore, the polarization ratios determined for
the A- and B-band regions for each crystal must satisfy
concurrently the two criteria listed above.

Finally, we consider the Stark effect on the absorption
spectrum of GFP. Bublitz et al. observed a change in dipole
moment (|∆µ|) of 6.8 D and an angleúA of 21° between
mbB and ∆µb for the B-state of wild-type GFP (13). The
authors interpreted these results on the basis of the probable
identification of the oxygen atoms of the phenolic and
imidazolinone rings as sites of charge density transfer upon
excitation. These atoms, separated by∼9 Å, are related
through resonance when the chromophore is deprotonated
such that subtle shifts in charge density between these sites
upon excitation can elicit a significant difference in the dipole
moment. The large|∆µ| observed suggests that this assess-
ment is correct and thus implies that the transition dipole
moment lies∼21° with respect to the vector that joins these
two oxygen atoms.

From the potential orientations ofmb shown within the gray
arches in Figure 6, only one set of projections satisfies the
criteria listed above. The probable orientation ofmbA andmbB

are illustrated in the figure as bold, double-headed arrows
clockwise∼27° and 40°, respectively, from the reference
axis ø defined in the Experimental Section. The solution
identified asmbB is oriented∼16° from the line between the
phenolic and imidazolinone oxygen atoms in close agreement
with the criterion defined based on the Stark spectroscopy
results. As determined from the high fluorescence anisotro-
pies of GFP and based on the similarities of the electronic
structures of the B- and I-states, the projection corresponding
to mbA is therefore similar, subtending a 13° angle withmbB

as shown in panel A of the same Figure.
Single-Crystal Fluorescence Anisotropy.While this manu-

script was in preparation, a paper was published documenting
a high degree of polarization of thefluorescencefrom GFP
single crystals (27). The analysis of the emission polarization
presented by Inoue´ and co-workers is not related to the
analysis of absorption polarization reported here. At issue
is whether the fluorescence from the crystal reflects the
spectroscopic properties of isolated GFP chromophores, or
whether it is influenced strongly by the energy transfer that
can occur between GFP chromophores in the closely packed
crystal lattice. By working with a protein host matrix that
absorbs at much higher energy than the chromophore whose
polarization properties are under investigation, one achieves
the “oriented gas” condition for a polarized absorption
experiment. In the case of the GFP crystals presented here,
this condition is satisfied because the closest distance
between GFP chromophores in the orthorhombic crystal is
37.5 Å center-to-center, or 31.6 Å closest approach. At this
distance, interchromophore exciton interactions are much
smaller than the inhomogeneous line width or vibronic
spacing of the chromophore, so that the chromophores are

isolated from each other. The analysis of the absorption
polarization data presented above is predicated upon this
condition being true, and the excellent fit of the polarization
data in Figure 4 to the theoretical curve of eq 7 demonstrates
that the analysis is valid. In the fluorescence polarization
experiment, Inoue´ and co-workers noted a very high emission
anisotropy in the crystal, and the emission obeyed a different
relationship than eq 7. The relationship of Simpson and
co-workers (eq 7) should apply for fluorescence polariza-
tion as for absorption so long as the chromophores are
isolated.

We believe that the difficulty in this analysis results from
the assumption of the oriented gas condition applied to
fluorescence from these crystals. Each GFP chromophore
in the P212121 lattice has many other chromophores (at least
6) within the Förster critical transfer radius (R0 ≈ 46.5 Å
(32)). R0 is the distance at which 50% of excited states
transfer energy nonradiatively by FRET, and the other half
emits a photon. The efficiency of FRET also depends on
the spectral overlap and onκ2, a measure of the projection
of the transition dipole moment of the emitting state (the
donor) on that of the absorbing state (acceptor) and on the
vector that connects the centers of these participants. Because
energy transfer in pure GFP crystals is degenerate, the
spectral overlap is fixed by the small Stokes shift of the
emission whileκ2 is different for different combinations of
GFP pairs in the crystal. With the absorption polarization
data described above and the known crystal lattice, one could
calculate the many pathways available for efficient energy
transfer between chromophores for each initially excited site.
Fluorescence will often originate from a different chro-
mophore than the one which was excited originally (though
excitations may re-visit the site of original excitation), and
more significantly, it will be characterized with a different
polarization. The “oriented gas” condition of isolated chro-
mophores does not apply to fluorescence from these crystals,
and consequently, one cannot use this approximation to
analyze the data. Furthermore, one expects averaging of the
effective emission polarization direction around symmetry
axes of the crystal (not simply projections, as in absorption,
but averaging due to FRET). In fact, Inoue´ and co-workers
observed a very high level of polarization that would be
inconsistent with the absorption dichroism if the emission
were for isolated chromophores. Because the emission is not
associated with any individual chromophore, no direct
information can be obtained about the direction of the
isolated transition moments. This issue could be circum-
vented by cocrystallizing the Ser65Thr variant of GFP as a
guest with another protein host that absorbs at higher energy
(for example BFP (Tyr66His) or withR-lactose monohydrate
which was recently shown to serve as a crystalline host for
GFP (31)).
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SUPPORTING INFORMATION AVAILABLE

Chromophore orientations in the crystal and comparison
of the dichroism of wild-type GFP and Ser65Thr variant
crystals. This material is available free of charge via the
Internet at http://pubs.acs.org..
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