JIAICIS

COMMUNICATIONS

Published on Web 08/23/2002

Resonance CARS Study of the Structure of “Green” and “Red”
Chromophores within the Red Fluorescent Protein DsRed

Sergei G. Kruglik,"* Vinod Subramaniam,®!' Jan Greve," and Cees Otto* 1

Department of Applied Physics, Biophysical Techniques Groupyadsity of Twente, P.O. Box 217,
7500 AE Enschede, The Netherlands, B.l. Stepanstitute of Physics, National Academy of
Sciences of Belarus, Minsk, Belarus, and Department of Molecular Biology, Max Planck Institute for
Biophysical Chemistry, Gtingen, Germany

Received March 4, 2002

Green fluorescent protein (GFP) from the jellyfisiequorea
together with its mutants, has become a widely used fluorescent
probe for molecular and cellular biology studieRecent cloning
of the red fluorescent protein DsRed, originally called drFP583,
from theDiscosomagenus of reef cordhas significantly enhanced
the palette of fluorescent proteins. DsRed, having red-shifted
emission maximum, has attracted intense intéré&&as a potential
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expression marker and convenient fusion partner for GFP mutants 0.1 A

for double-labeling experiments. DsRed possesses many features e

advantageous for biological applications such as high brightness, e L B N BN B B
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Figure 1. Position of excitation wavelengths on the absorption spectra of
investigated proteins in two different CARS experiments.

However, two major deficiencies have also been revealed, that is,
strong oligomerization and slow and incomplete maturation of the
red fluorescencé&:’® Even after prolonged maturation, DsRed
contains a substantial amount of the green chromophore; while thewith protein. A flowing system with a peristaltic pump was used
559-nm absorption and 583-nm emission maxima of DsRed belongfor constant protein replacement. The overall accumulation time
to the mature “red” species, the absorption shoulder around 487for one spectrum was 1 min. Band frequencies were determined
nm and weak emission peak at 500 nm are attributed to the with +2 cnt accuracy.
immature “green” species. Recombinant DsRed and S65T-GFP proteins with a 6-histidine
We have probed the structure of DsRed by polarization-sensitive tag were expressed iEscherichia coliand purified on a Ni-
multiplex resonance coherent anti-Stokes Raman scattering (CARS)chelating resin (N-NTA-Agarose, Qiagen, Hilden, Germany) using
spectroscopy; ** a powerful tool for studying the vibrational  standard procedures. Proteins were dissolved in 10 mM Tris buffer
spectra of fluorescent molecul&s'® Although Raman spectra of ~ (pH8, 0.1 M NaCl) to concentrations of 8 105 M for DsRed
wild-type GFP, its mutants, and a model GFP chromophore have and 7x 10-5 M for S65T-GFP.
already been reportéd,*® no vibrational data on DsRed have been  For selective probing of the “red” DsRed form, excitationat
published yet. Moreover, because of a strong fluorescence back-= 583 nm (30 nJ/pulse) was chosen so that the anti-Stokes signal
ground, CARS spectroscopy is the only choice for selective probing covered thel,s = 530-544 nm range (Figure 1). For probing the
of different DsRed species in resonance with their visible absorption “green” DsRed form and S65T-GFP, excitationiat = 545 nm
bands. Besides DsRed, a well-known GFP mutant, S65T-GFP, has(5 nJ/pulse) was used, withs = 499-510 nm. It should be noted
also been studied as a reference. that in CARS, an electronic enhancement occurs in resonance with
The CARS spectrometer has been described elsewhtre.  poth 1, andd,s
Briefly, the second harmonics of a mode-locked Nd:YLF laser was  The red-shifted absorption maximum of the mature DsRed
used for synchronous pumping of two cavity-dumped dye lasers species (559 nm) was explairf€dy an extension of the GFP-like
(2 MHz, ~15 ps, Rh560, Rh590 and/or DCM-filled). The pump  z-bonding chromophore system by two electron-withdrawing
dye laser ¢1) was operating in a narrowband mode, while the double bonds after addition of theC=N—C=0 group at the
Stokes laserd;) was in a broadband mode. The CARS signal at 2-position of the imidazolidinone, which occurs during isomeriza-
was= 2w1 — wz Was dispersed by a polychromator wit# cni? tion around a cis peptide bond between Phe 65 and GIn 66. At the
spectral resolution and registered by a CCD. Polarization of the same time, the absorption maximum of the immature DsRed species
Stokes beameg) was adjusted in a vertical plane, making an angle (487 nm) nearly coincides with that of S65T-GFP (489 nm). Thus,
of 60° with the pump beamef). The plane of analyzer transmission  the “green” form of DsRed is usually referred to as a “GFP-like
(ea9 was set at an angle of 6%o ;. Laser beams were focused by  chromophore® although such a statement has not been proven
a 40x objective (NA= 0.4) into a 20Qtm quartz capillary filled by direct structural data.

Figure 2 presents experimental results. Recorded CARS spectra
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more features. Moreover, the strongest band in the S65T-GFP
spectrum at 1536 cm, which is the dominant feature for all GFP
chromophores%1° cannot be easily identified in the DsRed
spectrum. This finding can be rationalized by the fact that the “red”
DsRed chromophore possesses an extended structure; since all the
Raman modes in the region 1400600 cn! are coupled,
delocalized G-C, C—N, and G-O stretch vibration® the chro-
mophore extension must lead to a different intensity distribution
between these modes.

Finally, for DsRed, in contrast to S65T-GFP, a shift of the
excitation wavelength (from 583 nm, Figure 2C to 545 nm, Figure
2B) causes noticeable changes in the overall spectral contour. Most
prominent is the doubling of the bands in 1451600 cm* region
and a broadening of the contour around 1334 EriiVe propose
| (C) DsRed, ex. 583 nm that both “red” and “green” DsRed species contribute to the
vibrational spectrum at any excitation wavelength, with the
contribution from the “green” species being enhanced for 545-nm
excitation. Assuming a GFP-like structure, one would expect the
immature “green” DsRed species to have a vibrational spectrum
similar to that of S65T-GFP. However, this is not the case; the
vibrational pattern of the “green” form of DsRed resembles that of
7 § the “red” form, albeit with relatively small frequency shifts for a
N number of bands. Therefore, our CARS data reveal that both
“green” and “red” DsRed species possess an extended chromophore
structure, which differs from that of the GFP chromophore.
Consequently, our data suggest that thbonding chromophore
system extension during isomerization around the cis peptide bond
between Phe 65 and GIn 66 is a necessary but not sufficient step
in DsRed chromophore maturation.

(A) S65T, ex. 545 nm

(B) DsRed, ex. 545 nm
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