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Abstract 

Green fluorescent protein (GFP) is autofluorescent. This property has made GFP useful in monitoring in vivo activities 
such as  gene expression and protein localization. We find that GFP can be used in vitro to reveal and characterize 
protein-protein interactions. The interaction between the S-peptide and S-protein fragments of ribonuclease A was 
chosen as a model system. GFP-tagged S-peptide was produced, and the interaction of this fusion protein with S-protein 
was analyzed by two distinct methods: fluorescence gel retardation and fluorescence polarization. The fluorescence gel 
retardation assay is a rapid method to demonstrate the existence of a protein-protein interaction and to estimate the 
dissociation constant ( K d )  of the resulting complex. The fluorescence polarization assay is an accurate method to 
evaluate Kd in a specified homogeneous solution and can be adapted for the high-throughput screening of protein or 
peptide libraries. These two methods are powerful new tools to probe protein-protein interactions. 
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Green fluorescent protein (GFP) from the jelly fish Aequorea vic- 
toria has exceptional physical and chemical properties, such as 
spontaneous fluorescence, high thermal stability, and resistance to 
detergents, organic solvents, and proteases. These properties en- 
dow GFP with enormous potential for biotechnical applications 
(Bokman &Ward, 1981; Ward, 1981; Ward & Bokman, 1982). To 
date, GFP has been used largely in  vivo-as a marker for  gene 
expression and a fusion tag to monitor protein localization in living 
cells (Chalfie et al., 1994; Inouye & Tsuji, 1994; Ren et al., 1996). 

The cDNA that codes for GFP was cloned five years ago (Prasher 
et al., 1992). Since then, a variety of GFP variants have been 
generated in response to the demand for improved properties that 
could broaden the spectrum of its application (Cubitt et al., 1995; 
Delagrave et al., 1995; Ehrig et al., 1995; Heim et al., 1995; 
Crameri et al., 1996). Among those variants, S65T GFP is unique 
in having increased fluorescence intensity, faster fluorophore for- 
mation, and altered excitation and emission spectra than that of the 
wild-type protein (Heim et al., 1995). Recently, the groups of 
Phillips and Remington have determined the crystalline structures 
of wild-type (Yang et al., 1996) and S65T (Ormo et al., 1996) GFP 
by X-ray diffraction analysis. These studies indicate that the flu- 
orophore is held rigidly within the protein. The wavelengths of the 
excitation and emission  maxima of S65T  GFP  (490 nm and 
510 nm, respectively) resemble closely those of fluorescein. The 
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fluorescein-like spectral characteristics of S65T GFP enable its use 
with instrumentation, such as fluorescence-activated cell sorting 
(FACS) devices or fluorescence microscopes, that had been de- 
signed specifically for use with fluorescein. 

Here, we demonstrate the use of S65T  GFP  as the basis of two 
new methods for exploring protein-protein interactions. The first 
is a fluorescence gel retardation assay. The gel retardation assay 
has been used widely to study protein-DNA interactions (Carey, 
1991). This assay is based on the electrophoretic mobility of a 
protein-DNA complex being less than that of either molecule alone. 
In our fluorescence gel retardation assay, we use this principle, 
together with the fluorescent properties of S65T GFP, which is 
fused to one of the interacting proteins. The second is a fluores- 
cence polarization assay. A complex between two molecules ro- 
tates more slowly than do the free molecules. The resulting increase 
in rotational correlation time gives rise to an increase in fluores- 
cence polarization (LeTilly & Royer, 1993; Jameson & Sawyer, 
1995). Fluoresence polarization assays usually rely on fluorescein 
as an exogenous fluorophore. In our fluorescence polarization as- 
say,  we show that S65T GFP can serve as well or better in this role. 

Results 

Monitoring  protein-protein  interactions 

To demonstrate the potential of S65T GFP in exploring protein- 
protein interactions, we have chosen as a model system the well- 
characterized interaction of the S-peptide and S-protein fragments 
of bovine pancreatic ribonuclease (RNase) A. Subtilisin treatment 
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of  RNase A  yields  two  tightly  associated  polypeptide  chains: 
S-peptide  (residues 1-20)  and S-protein  (residues 21-124) (Rich- 
ards,  1955).  Although  the two individual  polypeptide  chains  are 
inactive, full enzymatic  activity  is  restored upon complex  forma- 
tion (Richards & Vithayathil,  1959).  Because  a  truncated  form of 
S-peptide (S15, residues 1-15) is necessary  and  sufficient to form 
an enzymatically  active  complex  with  S-protein (Potts et  al.,  1963). 
we  used SI5 in our studies.  Specifically,  we  generated fusion 
proteins  in  which S 15 is fused  to  the  N or C  terminus of S65T GFP. 

Purification and detection of S65T GFPfusion proteins 

DNA encoding SI5 and  six  histidine  residues (His6; Hochuli  et  al., 
1988)  was  added  to  the 5' and 3' ends of the cDNA encoding  S65T 
GFP. The  two  resulting proteins, His6-GFP(S65T)-s1S and 
SI5-GFP(S65T)-His6 (Fig. IA), were  produced  in Escherichia 
coli strain  BL21(DE3)  and  purified by  affinity chromatography 
using  a Ni2+ -NTA  column (Fig. IB). The  presence of  an intact 
and  functional S 15  sequence on  the fusion  proteins was  confirmed 
by  zymogram electrophoresis in a  poly(C)-containing  gel,  which 
was  then  incubated  with  S-protein (Fig. IC) (Kim & Raines,  1993, 
1994). Both  His6-GFP(S65T)-S15  and  S15-GFP(S65T)-His6 
remain  fluorescent  after  electrophoresis  in  a  native  polyacrylamide 
gel (Fig. 2A).  Further,  the  altered  excitation  and  emission  spectra 
of S65T GFP are  well  suited  for  detection by a  fluorimager.  The 
sensitivity of S65T GFP detection in a  native  polyacrylamide  gel is 
20.1 ng (data not shown),  which  is  comparable  to  that of  an 
immunoblot  using  an  anti-GFP  antibody  (Colby  et al., 1995). 

Purified  His6-GFP(S65T)-s15  migrates as two  distinct  spe- 
cies during SDS-PAGE (Fig. IB), zymogram electrophoresis 
(Fig. lC), and  native  PAGE (Fig. 2A). No  unexpected  mutations 
are  present in the  gene  encoding His6"GFP(S65T)-S15. The  re- 
sults of Ni2+-NTA  affinity  chromatography  and  zymogram  elec- 
trophoresis indicate that  both  the  N  and  the C termini of 
His6-GFP(S65T)-S15  are  intact  (Kim & Raines,  1994).  Appar- 
ently,  two  isoforms of His6-GFP(S65T)-s15  exist  that  migrate 
differently  during  electrophoresis,  even in the  presence of SDS 
(Fig. 1B). 

Fluorescence  gel  retardation assay 

Gel  mobility  retardation  is  a  popular  tool  for  both  qualitative  and 
quantitative  analyses of  protein-nucleic acid  interactions  (Carey, 
1991).  The  fluorescence gel retardation  assay  shown  in  Figure 2B 
is the  first  to  apply  gel  retardation  to  the  study of a  protein-protein 
interaction. In this assay, free and  bound  S15-tagged  S65T GFP 
were  resolved  and  visualized  in  a  native  polyacrylamide  gel.  As 
shown in Figure  2B,  only  the  slower  migrating  isoform  of  His6- 
GFP(S65T)-S15 was shifted upon  binding  to  S-protein  during  na- 
tive PAGE, indicating  that  only  this  species  has an accessible  S15. 
The SI5 portion  of the faster migrating  species  is  inaccessible  to 
S-protein,  perhaps  because  it  becomes  buried  inside the GFP moi- 
ety  during  the  folding  process. We therefore  believe  it  to be  prudent 
to  construct GFP fusions in  which  the  target  protein is  fused to  the 
N terminus of GFP, rather  than  to  the  C  terminus.  All  subsequent 
experiments  were  performed  with  S15-GFP(S65T)-His6. 

The  fluorescence gel retardation  assay  was  used  to  quantify 
the interaction  between  S-protein  and  S15-GFP(S65T)-His6.  A 
fixed quantity of S15-GFP(S65T)-His6  was  incubated  with  a 
varying  quantity of  S-protein prior  to  electrophoresis in a  native 
polyacrylamide  gel.  After  electrophoresis,  the  gel  was  scanned 
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Fig. 1. A: PFPfusion proteins  used  in  this  study. In Hisp3P(S65T)-Sl5 
(top), six histidine residues are fused to the N terminus  and SI5 is fused 
to  the C terminus  of S65T GFP. In S15-"GFP(S65T)-His6 (bottom), SI5 
is  fused  to  the N terminus and six histidine  residues are fused  to C termi- 
nus  of S65T GFP. Residues that l i n k  the tags to GFP(S65T) are also indi- 
cated. B: SDS-PAGE analysis of  purified GFP fusion proteins. Lane M, 
molecular mass markers (14.4, 21.5, 31, 45, and 66 kDa); lane I ,  
S15-GFP(S65T)-His6; lane 2, His6-GFP(S65T)"S15. c: Zymogram 
electorphoresis analysis of purified GFP fusion proteins. Lane 1. 
Sl5-GFP(S65T)-His6; lane 2, His6"GFP(S65T)-S15. 

with a  fluorimager and  the fluorescence  intensities of  bound  and 
free SlS"GFP(S65T)-His6 were  quantified (Fig. 3A). From 
the  relative  fluorescence  intensities of  the  bound  and free S15- 
GFP(S65T)-His6,  the  binding  ratio (R = fluorescence  intensity 
of  bound S15-GFP(S65T)-His6/total fluorescence  intensity)  at 
each  concentration  was  obtained.  The  dissociation  constant (Kd)  
of the  complex  formed  in  the  presence of different  S-protein 
concentrations  was  calculated  from  the  values of R and  the  total 
concentrations of S-protein  and  SIS-GFP(S65T)-His6.  The  av- 
erage (+SD) value of K d  is  (6 * 3) X lo-* M. 




