

















NMR-derived Topology of a GFP-photoprotein Complex

FIGURE 4. The clytin-cgGFP interface. Two views of the molecules are rotated by 180° to allow for viewing of the interaction surfaces. The electrostatic
surface (—10kT/e-+10kT/e) of cgGFP (A) and clytin (B) are shown. Poisson-Boltzmann electrostatics calculations were done within PDB2PQR (55) and evalu-
ated in APBS (56). The positively charged, negatively charged, and neutral amino acids are represented in blue, red, and white, respectively. Residues of cly-
tin (A) and of cgGFP (B) buried in the contact surface are shown as blue and magenta sticks, respectively.

FIGURE 5. Mutations of interfacial residues correspondingly decrease the affinity of the complex (K sp) together with the energy transfer efficiency
(Kgr). A, bioluminescence spectra of wild-type clytin (left) and K11A clytin (right) obtained upon titration with cgGFP (0-19.4 um). The fluorescence spec-
trum of cgGFP is shown in black on the wild-type clytin spectrum (left). Kir was determined from the corresponding plots as the slope of the I5oy/1,,, ratio
versus cgGFP concentration, where I5o, and 1,5, are bioluminescence intensities at 500 nm and 470 nm, respectively. B, weighted-average chemical shift
differences (CSD) between '°N,?H-cgGFP and mixtures of '°N,?H-cgGFP with 1:2 molar excess of clytin (left), and K11A clytin (right), respectively. K.sp was
determined as a sum of CSD above the average CSD plus one standard deviation cut-off (purple dashed line) in ppm units.

with native clytin. The ¢gGFP effectiveness in producing a
color shift was measured by an interaction constant, K., and
shown to decrease for all the mutants (supplemental Fig. S4)
and most significantly for the substitution K11A (Fig. 54).
The degree of ¢cgGFP HSQC chemical shift perturbations, ob-
tained upon titration with clytin mutants, was used to calcu-
late a quantitative parameter of protein association, named
Kcsp- Values of chemical shift perturbation after subtracting
the average perturbation plus one standard deviation were
summed to give the K4, value in ppm units. Peak tables of
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cgGFP upon titration with clytin mutants are shown in sup-
plemental Fig. S4 and for K11A mutant in Fig. 4B. The appar-
ent association constant K, correlates well with K¢, all
mutants show a decrease in K. with a lessening of the degree
of association (Kgp). Substitutions K11A, K13A, and the 10V
truncation, had the strongest effect, reducing K¢+ up to 4-fold
from clytin along with a strong reduction in binding affinity.
These positions are of interest because of their contribution
to the surface charge complementarity of the interacting pro-
teins. On the other hand it indicates the important role of the
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charge complementarity region compared with the flexible
N-terminal segment, because the effects of K11A and K13A
substitutions are comparable to that of deleting the first 9
N-terminal residues of clytin. It also implies a minimal role of
any small structural rearrangement of clytin mutants in af-
fecting binding to cgGFP. Substitutions N109A, N15A, and
N188A had strong, moderate and the smallest effect,
respectively.

DISCUSSION

Energy transfer or the bioluminescence color shift on the
addition of GFP, has previously received detailed study for
two bioluminescence systems, that of aequorin and of Renilla
luciferase (3, 42, 44 —46). The mechanism has been proposed
to be by FRET within a transient protein-protein complex.
According to the well-known FRET equation, the probability
or rate of energy transfer, from the excited donor to the ac-
ceptor, depends on several parameters, most critical being the
donor-acceptor separation and the spectral overlap of donor
fluorescence and acceptor absorption. A convenient measure
is the “Forster separation” where the probability of the donor
radiative S; — S, transition equals the probability of energy
transfer populating the acceptor S; state; in almost all cases
this distance is less than 10 nm. This means that for the part-
ners randomly distributed in free solution, they need to be in
the millimolar concentration range. The bioluminescence
color shifts however, are observed at micromolar protein con-
centrations so for FRET to be feasible the donor-acceptor sep-
aration must be constrained within a protein-protein
complex.

For the Renilla luciferase bioluminescence in particular, the
addition of Renilla GFP at micromolar concentrations, not
only produced the green color shift but enhanced the biolu-
minescence quantum yield about three times. This is conclu-
sive evidence for FRET indicating that efficient excited state
coupling in the transient complex competes with both radia-
tive and non-radiative deactivation pathways of the primary
excited S, state formed by the reaction on the luciferase. A
stable complex was not observed by direct methods, chroma-
tography, fluorescence anisotropy, at these micromolar con-
centrations. However, using the Hummell-Dryer chromato-
graphic method, Ward and Cormier (45) reported the
presence of a Renilla luciferase-Renilla GFP complex. Further
evidence that such a complex must be involved for the biolu-
minescence shift was that the energy transfer was specific for
the type of GFP, it occurred with GFPs from other species of
Renilla but not from GFPs of more distantly related organ-
isms. Also, the shift effect was negated by amino acid modifi-
cation in the GFP and by higher ionic strength in the buffer
(>100 mm) (Fig. 6).

A complex has also been reported for the aequorin-Ae-
quorea GFP bioluminescence using the Hummel-Dryer
method (47). In that case no bioluminescence quantum yield
increase accompanying the energy transfer was observed (42)
as also the case here for the clytin bioluminescence in Fig. 54.
Morise et al. (42) however, demonstrated that energy transfer
was significantly enhanced in a suspension of DEAE particles
on which the aequorin and Aequorea GFP had been co-ad-
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FIGURE 6. Bioluminescence color-shift assay to show the ionic strength
dependence of the clytin-cgGFP energy transfer measured as Kg;. Biolu-
minescence spectra of clytin were obtained upon titration with cgGFP (0-
3.62 uMm; dark blue line, 0 um; gray line, 0.03 um; purple line, 0.06 um; dark yel-
low line, 0.12 um; red line, 0.24 um; light blue line, 0.45 um; light green line,
0.90 uMm; dark gray line, 1.81 um; dark green line, 3.62 um). Concentration of
clytin was 0.47 um. Spectra were recorded in the buffer containing 20 mm
PIPES, pH 7.2, 1 mm MgCl,, 0.5 mm EDTA, and different concentrations of
NaCl or KCl, upon injection of CaCl,. Clytin and cgGFP were from a later
batch, indicating some uncertainty in the absolute values of K values.

sorbed, presumably bringing the two partners to proximity,
but the color shift was also observed to an unrelated acceptor,
EMN, meaning that it was nonspecific.

The observations on the clytin bioluminescence system
reported here bear similarity to these earlier reports. The cly-
tin bioluminescence spectrum is shifted to the fluorescence of
cgGFP by only micromolar concentrations of ¢¢gGFP, the ef-
fect is diminished by modification of amino acid residues in
the clytin, which otherwise affect no change in the clytin bi-
oluminescence properties, the c¢gGFP shift is an order of mag-
nitude less effective using the distantly related photoprotein
obelin, even though with this pair, the spectral overlap is sig-
nificantly higher (4), and the K. is reduced but not elimi-
nated at increased ionic strength.

Additional similarity to earlier reports was that no clytin-
cgGFP interaction in the micromolar range could be detected
by the methods of fluorescence anisotropy, analytical ultra-
centrifugation, or plasmon resonance (results not shown).
However, in contrast to the cases of Renilla and aequorin just
mentioned, Markova et al. (4) recently observed no complex
by Hummel-Dryer chromatography using a starting concen-
tration ten times higher than Ward and Cormier used for
their Renilla experiment. Altogether, we estimate here a 0.9
mM value for the clytin-cgGFP affinity constant, consistent
with the weak K, in the mm range inferred from the NMR
perturbations.

Although the computational model in Fig. 3 needs to be
interpreted with appropriate reservation, we point out that
the spatial arrangement of the donor and acceptor makes it
attractive to consider this complex as the functional biolumi-
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FIGURE 7. ITC titration curves of clytin with cgGFP. A, raw data of heat
changes upon addition of cgGFP (4.68 mm monomer) into the cell con-
taining 0.1 mwm of clytin. B, corresponding heat of cgGFP dilution. C, pro-
cessed data corresponding to the heat of each injection plotted against
the molar ratio of total cgGFP to total clytin after subtraction of the heat
of cgGFP dilution. Buffer contained 20 mm Tris-HCI, 10 mm NaCl, 2 mm
EDTA, pH 7.0. The affinity constant (K, = 0.90 = 0.07 mm) was derived at
1:1 fixed stoichiometry.

nescence unit in vitro. There is a very favorable spectral over-
lap, 1.3 X 107" M~ ! cm?, between the bioluminescence from
clytin, maximum 470 nm, and the absorption of cgGFP, hav-
ing a monomer extinction coefficient of 64,000 M~ ' cm ™" at
485 nm (4). Combined with the 45 A separation of the donor
and acceptor in the structure of the complex (Fig. 3), and the
fact that the cgGFP will be dimerized in the complex, the elec-
tronic transitions are very strongly coupled. The energy from
the bioluminescence reaction of the clytin will be quantita-
tively deposited into the excited state of the acceptor, the cg-
GFP. However, as the protein-protein complex is weak with a
dissociation constant (K,,) in the millimolar range according
to the NMR chemical shift and ITC methods (Fig. 7), the
mechanism by which added c¢gGFP at only micromolar con-
centrations is able to shift the bioluminescence toward the
fluorescence of cgGFP, remains to be established.

The computational structure of the clytin-c¢gGFP complex
resembles features of a weak protein-protein complex pre-
dominantly governed by electrostatic forces, with a low num-
ber of total intermolecular contacts (39 —41). For a weak pro-
tein interaction the relatively high value of the clytin-cgGFP
buried surface area (1,913 A) derives from the impact of the
distal (flexible) part of the clytin N terminus interacting with
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the top ¢gGFP barrel loops which together account for 30% of
the total buried surface. However, intermolecular contacts in
this region are minimal and the position of the clytin N termi-
nus itself is highly variable among the best batch of structures,
which implies a less significant impact of the distal part of the
clytin N terminus compared with its proximal part and the
a-helix D carrying the positive charge. This conclusion is sup-
ported by mutagenesis of clytin where we observe that dele-
tion of the flexible part of the N terminus has the same effect
on complex affinity and ¢gGFP color shift efficiency as the
single substitutions K11A and K13A. These substitutions evi-
dently affect electrostatics similarly to the high ionic strength
conditions.

The question arises as to the physiological relevance of this
clytin-cgGFP computational structure in Fig. 3. The photo-
cytes of the jellyfish Aequorea and Clytia can be assumed to
be the same, contain concentrations of the bioluminescence
proteins estimated to be in the millimolar range (42, 47), simi-
lar to the concentrations required to form the complex de-
tected by the NMR and ITC experiments. The in vivo biolu-
minescence spectra of several animals or their tissue samples,
reveal nearly exact correspondence to the fluorescence of
GEFP, i.e. no contribution from the blue emission implying
near 100% FRET efficiency (50, 52, 53). This demands that the
origin of the emission is from a complex where the donor
and acceptor have restricted separation and orientation.
The inhibition of the GFP shift at increased salt concentra-
tion is consistent with electrostatic forces at the protein-
protein interface driving the clytin-cgGFP complexation.
This would argue against this same spatial structure exist-
ing in vivo if within the photocytes, the ionic strength ap-
proaches that of sea-water, or is even as low as that charac-
teristic of eukaryotic cells, 100-150 mm because of
potassium ions. On the other hand, several bioluminescent
organisms are found to contain their bioluminescence sys-
tems within membrane enclosed vesicles, “lumisomes” in
Renilla (54) and “scintillons” in the dinoflagellates (43).
Such vesicles apparently modulate the intracellular envi-
ronment for the benefit of the bioluminescence function
(50). Because cgGFP itself is a tight dimer it is probable
that in vivo the clytin-cgGFP complex is a heterotetramer.
It should be noted that this supposition was advanced for
in vivo aequorin-Aequorea GFP complex (51).

For a heterotetrameric complex of this size, >100 kDa, and
weakly interacting, there is little prospect that further NMR
experiments will yield unambiguous distance constraints for
model refinement. Whether the spatial structure of the in vivo
complex relates to that determined here at low ionic strength,
hopefully will be proven by crystallography, although for a
weak protein-protein complex this methodology presents its
own set of impediments.
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