Biochemistry2003,42, 177—183 177

Polarized Absorption Spectra of Green Fluorescent Protein Single Crystals:
Transition Dipole Moment Directioris

Federico I. Rosell and Steven G. Boxer*
Department of Chemistry Stanford Wersity Stanford, California 94305-5080
Receied August 15, 2002; Rised Manuscript Receéd Naember 12, 2002

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 momentgT() of the chromophore relative to the molecular axes. The transition dipole
moment orientation is a basic spectroscopic parameter of relevance to biologists when interprstarg Fo
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 t@-teds 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{ax = 398 nm) and anionicl{hax = 478 nm) forms of the chromophore were
found to subtend angles ef26° 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 A
protein from the jellyfishAequoreavictoria stems from its 02
endogenous cofactor mhydroxybenzyledineimidazolinone CB2 //
group (Figure 1al) that forms spontaneously as part of the ~cG” \\CA2’C2\
protein folding process when the backbone of residue$-Ser | | N3—67
Tyr%—Gly®7 cyclizes and dehydrateg,(3). After a further = N2

oxidation step, the resulting extended aromatic chromophore
interacts strongly with neighboring residues within the 11-
stranded3-barrel can (Figure 1b4, 5) and exhibits intense
fluorescence® ~ 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 properti@s 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, GFP
variants have been engineered to act as biosensors ofiGURE 1: (a) Chemical structure of the-hydroxybenzyledine-
intracellular pH (e.g., re8), viscosity, local ion concentra- imidazolinone group that is the fluorescent chromophore in the

. . - green fluorescent protein fromdequoreavictoria. 65 and 67
tions (e.g., reB), and redox potentiall(). Because labeling represent two of the three contiguous residues in the amino acid

the target system is achieved genetically even before proteinsequence from which the imidazolinone ring forms Sefyro6—
expression and because in many of these protein chimerassly®, respectively). Selected atoms are labeled according to the
the attached GFP does not appear to affect the properties ofiomenclature used in the crystal coordinate data file 1EE8 (

or ; ; ; ; “Clockwise” in the text refers to rotations based on the orientation
the target, the versatility of GFPs as imaging tools is unique. of the chromophore as shown here. (b) Two views of a ribbon

representation of the green fluorescent protein fraeguorea
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under Grant GM27738. strandedB-sheet cylinder.
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! Abbreviations: GFP, green fluorescent protein; HEPES2- GFP eXiSts_pr_imar”y in one of two Sta;tes tha_t are in a pH-
Hydroxyethyl)piperzaind¥'-(2-ethanesulfonic acid); NINTA, nickel linked equilibrium. The A-state, associated with the neutral
nitriloacetic acid; PMSF, phenylmethylsulfony! fluoride; Q@nd ODx form of the chromophore, is characterized by a broad

are the optical densities of a crystal at specific wavelengths when light absorbance band centered at 398 nm that remains largely
is polarized parallel or perpendicular to the crystallographaxis,

respectivelyE; . and Er refers to spectra measured with the electric féatureless on freezing down to 77 K1j. With increasing
field of incident light polarized parallel or perpendicular to thaxis. pH, deprotonation of the chromophore is accompanied by
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the rearrangement of neighboring residues within the chro- bance ratio £ze7A2s0) = 0.8 were pooled, concentrated and
mophore cavity 12). The resulting B-state absorbs at 478 exchanged into 10 mM Tris buffer, pH 8.0 for crystallization.
nm and, unlike the neutral chromophore, exhibits a prominent Protein concentrations were estimated at each step based on
Stark effect as well as resolved vibronic structure at cryogenic an extinction coefficient of 26 mvt cm™* at 280 nm.
temperaturesi@). At room temperature, excitation of either Crystallization of the protein¢15 mg/mL) was achieved
the A- or B-states results in fluorescence at wavelengthswith a few modifications to the protocol of Brejc et a29).
longer than 500 nm. Short-lived (picosecond) fluorescence The principal differences are that crystallization was induced
can be detected between 420 and 470 nm upon excitation ofinitially by triturating a crystal of the Ser65Thr variant to
the A-band. However, a picosecond excited-state proton-microseed the crystallization, sodium azide was excluded
transfer process competes with direct fluorescence from A* from the mother liquor solution, and the crystals were
by converting this species into an intermediate I* that obtained by hanging drop vapor diffusion. After2 weeks,
resembles B* electronically and fluoresces above 500 nm small, needlelike crystals were collected, washed with 10
(12). mM Tris buffer pH 8.0, and incubated overnight at room
The direction of the transition dipole momeiit is the temperature in 45 volumes of buffer. The protein that
cornerstone of any spectroscopic application for which the dissolved during this incubation period was collected and
interpretation of results depends on geometric factors. Inused in a second round of crystallization. This time,
Forster-type fluorescence resonance energy transfer (FRET)microseeding was either not performed or achieved with
experiments, for example, the rate depends strongly on thefragments of a crystal of the wild-type protein. The mixtures
projection of the emitting transition dipole moment onto that were incubated at room temperature until crystals large
of the absorbing dipole (the? factor; 14). The high enough for spectrophotometric analysis under a microscope
fluorescence anisotropy exhibited on excitation of either the could be collected.
A- or the B-states, under conditions where protein rotation  Crystals were washed in fresh mother liquor (20% PEG
are minimized ( = 0.22-0.38; 480-600 nm;11) show that 4000, 50 mM potassium phosphate buffer, pH 3.8) and
the absorption and emission transition moments of both transferred to a 5L buffer droplet (1:1 mixture of mother
protonation states are within a few degrees from one anotherliqguor and 10 mM Tris buffer, pH 8.0) on a clean quartz
To translate observed FRET or other orientation-dependentmicroscope slide. Before sealing the samples, crystals were
measurements into molecular terms, however, the directionsmanipulated to lie flat on this slide. Clean>22 x 0.075
of the transition dipole moments with respect to the molecular cm quartz plates were used as coverslips, and seals were
axes of the protein must be mapped. This spectroscopicachieved with 12Qum thick, double-sided, self-adhesive
parameter has been determined successfully for a numbespacers (Molecular Probes). Crystals were selected for
of biologically relevant chromophores by measuring the examination if they met a list of criteria intended to minimize
polarized absorption spectra of single crystdlS<19). In optical distortions and to ensure that the samples under
the case of proteins where the chromophore of interest isscrutiny were monocrystalline. First, the edges along the
encapsulated by the polypeptid®0(-25), the protein matrix length of the crystal were in focus under the microscope,
both provides a fixed orientation and maintains a considerableand the surface appeared blemish/crack free. Crystals near
distance between chromophores so that interchromophoreair bubbles were either moved to avoid interference from
interactions have a minimal effect on the electronic absorp- geometric stray light arising from a meniscus, or they were
tion. This ideal situation is sometimes referred to as an not used for measurements. Finally, the crystals between
“oriented gas” of chromophores. In the following we report crossed polarizes exhibited uniform fluorescence and uniform
the results of measurements on orthorhombic crystals of wild- color changes when turning the polarization of white light

type GFP to establish the orientation f@dfwith respect to illumination incident normal to the crystal.
the molecular axes of the protein. A preliminary account of ~ Absorption Dichroism Measuremen#sbsorption of plane
these results was presented at a recent conferdfcé/Nhile polarized light by single crystals of wild-type GFP was

this work was being prepared for publication, a paper measured with a Zeiss Photomicroscope Il fitted with a
appeared on the fluorescence polarization of GFP single photodiode detector (EG&E, HUV-1100BQ), the output of
crystals @7). The relationship between fluorescence and which was fed into a lock-in amplifier (SR850, Stanford
absorption experiments is discussed. Research Systems). Light from a 300 W xenon arc lamp was
dispersed with a single grating monochromator (Spex Model
EXPERIMENTAL PROCEDURES 1681,f = 0.22m, 1.25-2.50 mm slits, 3.7 nm/mm dispersion
Protein Preparation and CrystallizatiotWild-type GFP at 500 nm, 0.25 nm resolution), chopped (400 Hz), focused,

was expressed essentially as described elsewB8yevith and collimated into the microscope with quartz lenses. The
E. coli BL21(DE3)pLys and the plasmid pRSEGFP. monochromator was calibrated with the 632.8 nm line of a
a-Chymotrypsin which had been incubated foh atroom HeNe laser and checked frequently with sharp band-pass

temperature in 20 mM HEPES buffer, pH 8.0, was added filters. The light was polarized with a Glan-Thompson

(1:25 wiw; Sigma) to cleave theéN-terminal poly-His polarizer, masked with an adjustable, rectangular slit to limit
purification tag. After overnight incubation at room temper- the field of illumination to the area encompassed by the
ature, the protease was deactivated by addition of PMSF tocrystal under scrutiny, and focused on the crystal with a 10x
100uM. The resulting protein mixture was filtered through substage objective. The transmitted light was collected with
a fresh Ni=NTA agarose chromatography column, and the either a 16« or a 20x objective lens, and any fluorescence

unretained GFP was collected for further purification by (4 > 500 nm) was rejected with a short-pass filter that was
anion exchange chromatography (Toyopearl DEAE-650S). placed immediately in front of the detector. Geometric stray
The fractions of the wild-type protein exhibiting an absor- light (18) encountered with this setup was estimated to be
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primarily in terms of itsf terms. Furthermore, the absorp-
tion dichroism observed with light incident normal to tihe
plane of the crystal (whereandj = a, b, or ¢ crystal-
lographic axes) is proportional to the squares of the pro-
jections of the transition moment onto the crystallographic
axes:

ob; _ @&-m)* _[(&-7) cosd + (&) sin6]2
OD, ~ (g-m)> |(&7)coso + (&) sinG

FIGURE 2: Coordinate axes systems that relate the orientation of a Note that all four chromophores in the unit cell will exhibit
transition dipole momenti) of the GFP chromophore as defined the same dichroism by virtue of the space group symmetry.
by the plane of the benzyledineimidazolinone groypy, 2) to Therefore, selecting the chromophore for which the direc-

the crystallographic axesy(b, ). y andy are in the plane of the : . o .
chromophore that is illustrated as a rectangleis also the tional cosines are positive, eq 2 can be reformulated in terms

intersection of theac and the chromophore planes.represents  Of the crystallographic axes using the transformation opera-
the angle betweep and the transition dipole moment in the plane tions shown below:
of the chromophore.

of the order of the dark current of the detecter5(uV, &= il & =— L &.7=0
chopped) and therefore not significant except at very high Vo Ja

optical densities. The intensity of the transmitted light as a

function of wavelength (with light polarized & andEr) éa.li) _ %% éb.17, __ %% éc-12) =—Ja (3)
or polarization angle (monitored at 410 and 470 or 475 nm) Va Va

was measured and transformed to absorbance using blanks
collected by sliding the sample to a clear region immediately wherea. = 1 — z2. The directional cosinegz| = 0.461,
beside the crystal. This transformation also compensated for|z,| = 0.880, and/z| = 0.114, were determined from the
the small polarization bias of the microspectrophotometer. published crystal structure of wild-type GFP (Protein Data
An experimental uncertainty af2° is associated with the ~ Bank code 1EMB;Z29); see Supporting Information). In this
angle of polarization. The maximum absorbance that could model, the planes of the four chromophore in each unit cell
be measured with confidence3) was determined from a  are nearly perpendicular to theb crystal plane, but they
calibration of the setup with respect to a Perkin-Elmer are inclined approximately 25 and 6Eelative to theac and
Spectrophotometer, Model Lamdal2, with a combination of bcplanes, respectively. Consequently, the polarization ratios
neutral density filters that were placed in the light path (410 measured with light incident normal to tlae or bc faces of
nm) immediately in front of the microscope. the crystal are expected to be very similar.

Trigonometric AnalysisThe analysis of the absorption The dependence of the measured polarization ratios as a
anisotropy of a crystal d,,,,,, symmetry was described in ~ function of the angl& are given by
an earlier polarization spectroscopy study conducted on

single crystals of a chlorophyllideapomyoglobin complex OD, a 2

(24). A key simplifying assumption is that i lie in the oD, |zcoto + Zazc] (4)
plane of the chromophore. Because of this assumption, it is

not necessary to measure the absorption dichroism along all oD

three principal dichroic axes of the crystal. This is often not c_ a 2 (5)
possible, as in the present case, because the crystals tend to OD, |[z,cotf — 7z

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. ODy  zZcotf + zz tand — 2277,
An orthogonal axis system is defined by the axesy,

andg so that theyy plane is parallel with the chromophore  Thus, recalling tha® in this case is the angle between the
plane (Figure 2). Thg-axis is chosen to lie parallel to the  transition moment and the reference axisa plot of egs 4
acplane of the crystal, and it acts as the reference axis fromand 5 (Figure 3) illustrates the magnitude of the dichroic
which the angle tan is traced. In this coordinate system, ratios expected as a function of this angle.

the transition dipole moment can be described in terms of

OD, z%cotf +z/z tan6 + 22,77,

(6)

its components along these axes according to eq 1: RESULTS
M = % cosO + 1 sin0 + Zsin¢ 1) GFP Crystals Crystallization of wild-type GFP under the
conditions used here yields protein crystalsPep,,, sym-
where and ¢ are the angles between and they andz metry with four monomeric chains per unit cell. Diffraction

axes, respectively, and the carats denote unit vectors.data were not collected; however, the dimension8.03—-
Because, as mentioned above, the out-of-plane component
of the transition moment (i.e., ttecomponent) is assumed 2 Equation 6 is included in the text to correct a typographical error
to be nonexistent, the third term is dropped, ani defined in ref 24.
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FIGURE 3: Polarization ratios derived from egs 4 and 5 as a function Polarization Angle 6,

the anglef between the transition dipole moment of the chro- . .
mophore in wild-type GFP and the reference gxishen viewed FIGURE 4: Angular depen_dence of the at_)sorptlon of plane-polarized
with light incident to theac (—) or bc (---) crystallographic planes.  light by an orthorhombic crystal of wild-type GFP (pH3.9)
The values cited in the column on the right side of the graph are Measured at 4101) and 475 @) nm. 6, refers to the angle
the averaged linear dichroism values determined at 410 and 470subtended between tiefield of the incident plane-polarized light

nm, for the A- and Bstates, respectively (see Figures 4 and 5). and the crystallographizaxis. The curves are the results from least-
P v g ) squares fitting of the data to eq 7 and yield the ratios (@0Dr)

0.08 mm to a side and 0.3 mm long) and morphology of hatare shown on the right side of Figure 3.

these crystals (i.e., hexagonal needles) are comparable tq350q agreement of these data to eq 7 has been used in
those reported elsewhere for the orthorhombic fo#2g). previous studies to assess the quality of similar dichroism

The crystals used for spegtrophotometric investigati.on measurements on single crystals8,(24, 30). From the
were of varied thickness and widths so that a range of optical h,rameters obtained by fitting the polarization angle modula-
densities (1.83.8 for Ay and 0.4-2.2 for Asg was tion (i.e., OD. and ODy), the averaged polarization ratios
sampled. Smaller crystals were rejected because of problems,; 410 and 470 nm were determined to be 1.6 and 47,
inherent in masking an area large enough for reliable respectively.
transmittance measurements while avoiding geometric stray Crystals of the Ser65Thr variant, whose chromophore is
light. At the opposite extreme, measuring the high optical yregominantly in the anionic form, also exhibit greatest
densities associated with larger (_:rystals was also unreliablegytinction at 450 and 480 nm when incident light is polarized
because of the reduced transmittance. Therefore, spectrabara”d to the crystallographizaxis. The averaged polariza-

regions with absorbance values greater thaB were  {ion ratio calculated after fitting the angular dependence of
considered in the analyses only for qua_lltauve purposes. Next, i e crystal absorbance to eq 7 is 3.0, in contrast to the
fluorescence from the crystal, most evident when the samplenomm‘"y equivalent value of 4.7 determined for the wild-

was placed between crossed polarizers, was interpreted agpe protein B-state absorption. At first sight, this difference

an indication that the protein retains the native fold in the ¢q,q pe interpreted to stem from different orientations of
crystal. Because this fluorescence interfered significantly with Mg (i.e., the transition dipole moment direction of the anionic

the absorbance measurements, a short—pass filter (transmitsqrm in the plane of the chromophore of this variant and of
tance < 490 nm) was included immediately before the ii4-type GFP). However, we note that from the directional
detector to avoid artificially higher apparent transmission cqgines of the chromophore in the three-dimensional models
readings arising from fluorescence. With this arrangement, ¢ the Ser65Thr variant (LEMA4], 1C4F, or 1EMG 12)),
essentially no light above background could be detected overi,q plots of eqs 4 and 5 shift appreciably to compensate in

the wavelength range of interest indicating that crystal some cases for the difference in polarization (see supple-
birefringence was not significant. In addition to exhibiting mentary information).

fluorescence, the protein in the crystals appeared to be stable e gpectra of a protein crystal measured with the electric
during the course of a day’'s measurements. thtle_ O N0 yector of incident light parallel,q) or perpendicularc)
ph_otoconversmn from the_A- to B-states of the protein was {, the crystallographic-axis are shown in Figure 5. The
evident from the absorption even after prolonged (days) gssociated polarization ratio calculated as a function of
irradiation at 410 nm. However, protonation of an increasing wavelength (i.e.,BJ/Exo)) is illustrated in the inset. Of the

number of molgcules did appear to take place over the COUrs&yo crystal spectréE resembles the solution spectrum more
of a few days in response to the pH of the crystal mounting closely (dotted line, pH~3.7). Scrutiny of these spectra

soluti_on (pH ~3.9). _In this environment, the crystallized reveals that in the region of the B-band, the absorption of
protein presumably titrated slowly so that the A-state became“ght polarized along the-axis (i.e.,Eq) is approximately
more populated with time at the expense of the B-state. 4 fo|q greater than when it is polarized perpendicular to this
Absorbance Polarization Measuremerfisgure 4 Shows  ¢ystal axis. This high dichroism spans the wavelength region
the absorbance of wild-type GFP crystals at 410 and 475¢.5m 430 to 500 nm, while in the A-band region the

nm as a function of the polarization angtg\fitted to the  gpgorption profiles of the crystal differ only by20%. The
relation expected for an orthorhombic crystal as derived by gitference in the polarization ratios observed for the neutral
Simpson and co-workerd.{, 30): and anionic forms of the chromophore implies that the
oD P transition moments of the two species are not parallel to one
OD(6,) = —log[10 *cog 6,+ 10 esin? 0, (7) other. From the polarization ratios and with the assumption
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Ficure 5: Comparison of the absorption spectra of an orthorhombic
single crystal of wild-type GFP—) measured with the electric
vector E) of plane polarized light parallel||j or perpendicular
(O) to the crystallographic-axis. The spectrum of the protein in
solution measured at pH 3.7 is shown for reference purposes, an

FiGure 6: Possible orientations of the transition dipole moments
m of the p-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,
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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 ofma and Mg.

DISCUSSION

Transition Dipole Moment Orientation&nalysis 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 inset shows the wavelength dependence of the polarization ratiod.[he 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 thege 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 crystallographic-axis. This result establishes an
upper limit of 45 for the angle subtended between the
projection ofim and thec-axis of the crystal. A greater angle
would result in greater extinction perpendiculactinstead.
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

double-headed arrows are the solutions selected based on the criteri@NCOMPasses the boundaries within which the _transitic_)n
and assumptions outlined in the text. The arches shown in graydipole moments of the chromophore may reside. This

delineate the maximum inclination (#5with respect to the
crystallographicc-axis that is possible for the direction @i to
yield maximal extinction along the length of the crystal. The

equations of the unit vectors that express the orientations of the

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

dipole moments in terms of the coordinate axes system defined inand CA2 in Figure 1 (hitherto assumed in the literature to

the Protein Data Bank (1IEMB) arés = 0.5% + 0.2(b — 0.81c
andmg = 0.74a + 0.2 — 0.6%.

that both transition moments lie in the chromophore plane,
a set of four projections ah are found that satisfy eq 4 and

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

a second set of four projections that satisfies eq 5 (Figuresanisotropy of wild-type GFP in a 90% glycerol solution is

3 and 6). Finally, the trigopnometric analysis described in the
Experimental Section yields a value for the an@lbut no
information regarding the direction on the plane of the
chromophore with respect to the reference gxionse-
quently, each set of four projections is doubled to yield a
total of 16 projections from which possible physical orienta-
tions of M can be identified.

The scatter in the polarization ratios collected for different
crystals introduces an uncertainty in the derived orientation

~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 chromophoreng, B-state, 477
nm) are essentially coincident. Likewise, the absorption
transition moment of the neutral formmg, 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 *Astate (1). Because the

of M of + 4°. Also, as illustrated by the differences found electronic structure of this intermediate form of the chro-
in the dichroism associated with wild-type GFP crystals and mophore is likely similar to that of the B-state, the orienta-
those of the Ser65Thr variant (see supplementary informa-tions of the transition dipole momeni®, and Mg are
tion), the conclusions from this analysis depend strongly on probably very similar also. An indication that these orienta-
the accuracy of the chromophore coordinates. Both thetions may be subtly different comes from the fluorescence
protonated and deprotonated forms are present in the crystalsanisotropy of GFP measured at 77 K1J. Under these
At the resolution of the crystal model of wild-type GFP (2.13 conditions the value of dips noticeably at~490 nm from

A), for example, it is possible that the chromophores that its value above 500 nnt ¢~ 0.3) on excitation of predomi-
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nantly the A-state (404 and 423 nm; fluorescence from I*). isolated from each other. The analysis of the absorption
By comparison, there is no evidence of this dip when the polarization data presented above is predicated upon this
B-state is excited directly (471 nm), thus suggesting that the condition being true, and the excellent fit of the polarization
orientations of the emission moments of B* and I* are not data in Figure 4 to the theoretical curve of eq 7 demonstrates
exactly the same. These observations neither reduce thehat the analysis is valid. In the fluorescence polarization
number of possible orientations Bfs andmg, nor do they experiment, Inoland co-workers noted a very high emission
answer the question of whether there is a protonation state-anisotropy in the crystal, and the emission obeyed a different
dependent structural difference in the crystal lattice, but they relationship than eq 7. The relationship of Simpson and
link the two transition moments to reside in a similar co-workers (eq 7) should apply for fluorescence polariza-
orientation. Therefore, the polarization ratios determined for tion as for absorption so long as the chromophores are
the A- and B-band regions for each crystal must satisfy isolated.
concurrently the two criteria listed above. We believe that the difficulty in this analysis results from
Finally, we consider the Stark effect on the absorption the assumption of the oriented gas condition applied to
spectrum of GFP. Bublitz et al. observed a change in dipole fluorescence from these crystals. Each GFP chromophore
moment (Au|) of 6.8 D and an angléa of 21° between in the P5,, lattice has many other chromophores (at least
mg and Az for the B-state of wild-type GFP1@). The 6) within the Faster critical transfer radiusR) ~ 46.5 A
authors interpreted these results on the basis of the probablg32)). R, is the distance at which 50% of excited states
identification of the oxygen atoms of the phenolic and transfer energy nonradiatively by FRET, and the other half
imidazolinone rings as sites of charge density transfer uponemits a photon. The efficiency of FRET also depends on
excitation. These atoms, separated b9 A, are related the spectral overlap and a3, a measure of the projection
through resonance when the chromophore is deprotonatedf the transition dipole moment of the emitting state (the
such that subtle shifts in charge density between these siteslonor) on that of the absorbing state (acceptor) and on the
upon excitation can elicit a significant difference in the dipole vector that connects the centers of these participants. Because
moment. The largéAu| observed suggests that this assess- energy transfer in pure GFP crystals is degenerate, the
ment is correct and thus implies that the transition dipole spectral overlap is fixed by the small Stokes shift of the
moment lies~21° with respect to the vector that joins these emission whilec? is different for different combinations of
two oxygen atoms. GFP pairs in the crystal. With the absorption polarization
From the potential orientations of shown within the gray ~ data described above and the known crystal lattice, one could
arches in Figure 6, only one set of projections satisfies the calculate the many pathways available for efficient energy
criteria listed above. The probable orientatiorigf andimg transfer between chromophores for each initially excited site.
are illustrated in the figure as bold, double-headed arrows Fluorescence will often originate from a different chro-
clockwise ~27° and 40, respectively, from the reference mophore than the one which was excited originally (though
axis y defined in the Experimental Section. The solution excitations may re-visit the site of original excitation), and
identified asmg is oriented~16° from the line between the  more significantly, it will be characterized with a different
phenolic and imidazolinone oxygen atoms in close agreementpolarization. The “oriented gas” condition of isolated chro-
with the criterion defined based on the Stark spectroscopy mophores does not apply to fluorescence from these crystals,
results. As determined from the high fluorescence anisotro- and consequently, one cannot use this approximation to
pies of GFP and based on the similarities of the electronic analyze the data. Furthermore, one expects averaging of the
structures of the Band I-states, the projection corresponding effective emission polarization direction around symmetry

to Ma is therefore similar, subtending a’18ngle withimg axes of the crystal (not simply projections, as in absorption,
as shown in panel A of the same Figure. but averaging due to FRET). In fact, Inoaad co-workers
Single-Crystal Fluorescence Anisotropyhile this manu- observed a very high level of polarization that would be

script was in preparation, a paper was published documentinginconsistent with the absorption dichroism if the emission
a high degree of polarization of tlieiorescencdérom GFP were for isolated chromophores. Because the emission is not
single crystalsZ7). The analysis of the emission polarization associated with any individual chromophore, no direct
presented by Inouand co-workers is not related to the information can be obtained about the direction of the
analysis of absorption polarization reported here. At issue isolated transition moments. This issue could be circum-
is whether the fluorescence from the crystal reflects the vented by cocrystallizing the Ser65Thr variant of GFP as a
spectroscopic properties of isolated GFP chromophores, orguest with another protein host that absorbs at higher energy
whether it is influenced strongly by the energy transfer that (for example BFP (Tyr66His) or with-lactose monohydrate
can occur between GFP chromophores in the closely packedwhich was recently shown to serve as a crystalline host for
crystal lattice. By working with a protein host matrix that GFP @1)).

absorbs at much higher energy than the chromophore whose

polarization properties are under investigation, one aChievesACKNOWLEDGMENT

the “oriented gas” condition for a polarized absorption

experiment. In the case of the GFP crystals presented here, The authors would like to thank Prof. Rebekka Wachter,
this condition is satisfied because the closest distanceDr. George Hanson, and Mr. Daniel Yarbrough for providing
between GFP chromophores in the orthorhombic crystal is useful information regarding the crystallization of GFP. The
37.5 A center-to-center, or 31.6 A closest approach. At this help of Mr. Thomas Treynor is also greatly appreciated.
distance, interchromophore exciton interactions are muchF.I.R. gratefully acknowledges a postdoctoral fellowship
smaller than the inhomogeneous line width or vibronic from the Natural Sciences and Engineering Research Council
spacing of the chromophore, so that the chromophores areof Canada.



Transition Dipole Moment Orientations of GFP Chromophore

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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