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Inhibition of RaplA Binding to Cytochrome bSs8 of 
NADPH Oxidase by Phosphorylation of RaplA 

RaplA is a low molecular weight guanosine triphosphate (GTP)-binding protein in 
human neutrophil membranes whose cellular function is unknown. RaplA was found 
to  form stoichiometric complexes with the cytochrome b,,, component of the 
phagocyte nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system. 
The (guanosine-5'-0-(3-thiotriphosphate) (GTP-y-S)-bound form of RaplA bound 
more tightly to  cytochrome b,,, than did the guanosine diphosphate-bound form. No 
complex formation was observed between cytochrome b,,, and H-Ras-GTP-y-S or 
RaplA-GTP-y-S that had been heat-inactivated, nor between RaplA-GTP-y-S and 
hydrophobic proteins serving as controls. Complex formation between RaplA-GTP- 
y-S and cytochrome b,,, was inhibited by phosphorylation of RaplA with cyclic 
adenosine monophosphate (cAMP)-dependent protein kinase. These observations 
suggest that R @ ~ A  may participate in-the structure or regulation of the NADPH 
oxidase system and that this function of the RaplA protein may be altered by 
phosphorylation. 

A SUPERFAMILY OF LOW MOLECU- The microbicidal activities of human 
lar weight GTP-binding proteins neutrophils include formation of superox- 
(LMWG) structurally related to ide anion via a plasma membrane-localized 

Ras has been identified (1). ~ h e s e  proteins superoxide generating system, from the 
undergo a cycle of GTP binding and hy- reduced form of nicotinamide adenine di- 
drolysis analogous to that observed with nucleotide phosphate (NADPH), which 
the heterotrimeric G proteins. This analogy transfers electrons to a terminal carrier 
suggests that the LMWG may function in believed to be cytochrome b558 (cy- 
regulatory capacities within the cell. Pro- tochromc b) and, ultimately, to molecular 
teins that _affect the guanine-nucleotide oxygen (7). Cytochrome b has been puri- 
binding and hydrolysis~activity of various fied-and clondd and was shown to be a 
LMWG have also been identified, includ- heterodimer of 22-kD a and 91-kD P 
ing guanosine triphosphatase activating subunits (8). The absence of cytochrome b 
proteins (GAPS), proteins that stimulate in some forms of chronic granulomatous 
guanine n~cleotide~exchan~e, and proteins disease results in neutrophils unable to 
that inhibit guanosine diphosphate (GDP) generate superoxide, underscoring the es- 
dissociation ( 2 ) .  The RaplA protein is sential role of the cytochrome b in this 
identical to Ras in the putative effector enzyme system (9). Activation of the 
domain between amino acid residues 32 to NADPH oxidase requires the association 
42 and can form an inactive complex with of cytochrome b with a number of other 
Ras-GAP that may account for the ability protein components, including p47[phoFl, 
of RaplA to suppress the transformation p671p,0,1, an NADPH-binding protein, 
of cells by oncogenic K-Ras (3). In non- and a GTP-binding protein (10). Translo- 
transformed cells the biological function of cation of p47,,,,,, to the plasma mem- 
RaplA is unknown, but R ; ~ ~ A  is an abun- brane requires 'fhe presence df cytochrome 
dant substrate for CAMP-dependent protein b (1 1) and possibly a GTP-binding compo- 
kinase (PKA) in human neutrophils (4). nent (12). A 22-kD LMWG co-purifies 
Phos~horvlation of RaDlA has n o  effect on with cvtochrome b and remains associated 

A ,  

its guanine-nucleotide binding kinetics, in- with the cytochrome even after immunoaf- 
trinsic rate of GTP hydrolysis, or ability to be finity purification on antibody matrices 
stimulated by a cytosolic Rap-GAP (5).  Phos- composed of antibodies to cytochrome b 
phorylation of RaplB affects its subcellular (13). Analysis of this LMWG by protein 
localization and enhances its ability to bind to immunoblotting and immunoprecipitation 
a Rap guanine-nucleotide dissociation stimu- with a polyclonal antibody to RaplA or 
lator (GDS) (6).  RaplB (R61) (4) identified the endoge- 

nous protein as Rap1 (14). The protein is 
G. M. B O ~ O C ~ ,  L. A. Quilliam, B. P. BO~I,  Departments likely to be RaplA, because that is the 
of Immunology and Cell Biology, The Scripps Research predominant form of Rap1 in human neu- Institute, La Jolla, CA 92037. 
A. J. Jesaitis and M. T. Quinn, D e p h e n t s  of Chemis- trophils (4). We now demonstrate that 
W and Biochemisny Montana State University, Box- purified RaplA can form specific complex- 
man, Montana 59717. 

es with purified cytochrome b and that this 
*To whom correspondence should be addressed. interaction can be regulated by phospho- 
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rylation of RaplA with PKA. 
We assessed complex formation between 

purified recombinant RaplA (15) and puri- 
fied cytochrome b (8, 16) by gel-filtration 

Fractlon 

Fig. 1. Gel-fillmation analysis of R a p l A q -  
tochrome b complexes. (A) The column profiles 
represent separate runs of either cytochrome b 
(0) ,  RaplA-yS (0) ,  or Ras-yS (A). (B) Elution 
profile after a twofold molar excess of cytochrome 
b (0) was incubated with either RaplA-yS ( 0 )  
or Ras-yS (A) as described (17). Cytochrome b 
was localized by densitometric analysis of autora- 
diographs obtained from irnmunoblots probed 
with antibody to the 22-M) subunit of cy- 
tochrome b (13) and then with lZ51-labeled goat 
antibody to rabbit IgG. RaplA-yS and Ras-yS 
were detected by liquid scintillation counting. 
Arrows indicate the positions of the marker pro- 
teins p-gal+ctosidase (P-gal), malate dehydroge- 
nase (MDH), horseradish peroxidase (HPO), and 
cytochrome c (Cyto c). AU, absorbance units; 
cpm, counts per minute. 

Fraction 
Fig. 2. Failure of phosphorylated RaplA-yS to 
form a complex with cytochrome b. RaplA-yS 
( 0 )  or phosphorylated RaplA-yS (0)  was incu- 
bated with a twofold molar excess of cytochrome 
b and.analyzed (17). The elution position of the 
phosphorylated RaplA-yS itself (A) was essen- 
tially coincidental with that of non-phosphorylat- 
ed RaplA-yS. The Rap-yS proteins were local- 
ized as described in Fig. 1. 

chromatography (17). The incubation of 
RaplA bound to GTP-y-S (RaplA-yS) 
with a twofold molar excess of cytochrome b 
resulted in nearly a complete shift of the 
RaplA-yS to a larger molecular size repre- 
senting a complex with the cytochrome b 
(Fig. 1). The presence of RaplA in the 
fractions containing cytochrome b was ver- 
ified with antibody to Rapl (R61), and 
separate analysis of the RaplA-cytochrome 
b complex on an A d 3 4  gel-filtration matrix 
gave an apparent hydrod&mnic size consist- 
ent with the molecular sizes of the two 
proteins (14). RaplA with bound 
[cx-~'P]GTP also formed a complex with 
cytochrome b (14). To determine if there 
was a specific interaction of RaplA with 
cytochrome b, purified H-Ras (15) with 
GTP-r-S bound (Ras-rS) was incubated . , 

with a twofold molar excess of cytochrome 
b. Essentially no complex was observed 
(Fig. 1). RaplA-yS that had been heated for 
5 min at 100°C also failed to form complex- 
es with cytochrome b. When a fivefold mo- 
lar excess of G protein py subunits or a 
threefold molar excess of purified platelet 
glycoprotein IIb, IIIa. was substituted for 
the cytochrome, there was no interaction 
observed between these proteins and 
RaplA-yS. The latter data indicated that 
RaplA-yS was not interacting in a nonspe- 
cific manner with hydrophobic or integral 
membrane proteins. RaplA-yS prepared 
with RaplA purified from human neutro- 
phils (4, 5) also formed complexes with the 
&tochrome. Both neutrophil and recombi- 
nant RaplA are isolated as a post-transla- 
tionally processed form that has undergone 
isopren~ation, truncation, and carboxyl- 
methylation (1 8). 

The interaction of RaplA with cy- 
tochrome b was stoichiom;tric (Table 1). 
Maximal incorporation of RaplA-yS into 
the complex (19) was obtained after incu: 
bation with an equimolar amount or two- 
fold excess of csochrome b. At a molar 
ratio of cytochrome to RaplA-yS of 0.5 to 
1, only about one-half of the RaplA-yS 

was shifted to the larger size. These data 
indicate a one-to-one binding of RaplA- 
yS to cytochrome b. The interaction of 
GTP-binding proteins with target mole- 
cules is often regulated by the guanine 
nucleotide bound to the protein, with the 
GTP-bound form being active (with higher 
affinity for the target) and the GDP-bound 
form being inactive (1). RaplA with 
bound GDP formed a complex with cy- 
tochrome b, although it appeared to be 
somewhat less effective than RaplA-yS 
(Table 1). The amount of complex detect- 
ed was variable, with the extent of complex 
formation varying between very little 
(13%) and nearly maximal (56%) under 
identical incubation conditions (1 : 2 molar 
ratio of RaplA-GDP to cytochrome b). 

RaplA can be phosphorylated by PKA 
in human neutrophils (4), but the effect of 
phosphorylation on the biological hnction 
of RaplA in these cells is unknown (5). 
The activation of neutrophils by chemoat- 
tractants is inhibited by hormones that 
increase the intracellular concentration of 
CAMP (20). The formation of superoxide 
by the NADPH oxidase is particularly sen- 
sitive to such hormones, being completely 
abolished by the output of less than 1000 
p-adrenergic receptors on a single neutro- 
phi1 (21). RaplA-yS was phosphorylated 
by PKA to an extent of 1 mol of phosphate 
per mole of GTP-y-S bound (22). The 
phosphorylated protein did not form a 
complex with the cytochrome b effectively, 
even when cytochrome b was present in a 
twofold molar excess (Fig. 2). The lack of 
complex formation was not due to the 
presence of PKA or components of the 
phosphorylation mixture, because (i) 
RaplA-yS added to a sample of phosphor- 
ylation mixture (that included PKA) was 
able to effectively complex with cy- 
tochrome b, and (ii) removal of ATP from 
the buffer used for the incubation of phos- 
phorylated RaplA-yS with cytochrome b 
had no effect on the results, indicating that 
a phosphorylation reaction occurring dur- 

Table 1. Quantitative analysis of complexes containing RaplA and cytochrome b. RaplA-yS, Ras- 
yS, and cytochrome b were prepared and analyzed by AcA44 gel filtration (17). The percentage of 
the total [35~]~T~-y-S-labeled protein recovered that was shifted to the excluded volume of the 
column was determined, and is presented as low molecular weight GTP-binding proteins (LMWG) 
in Complex (%) aSEM (19). Incubations of RaplA-yS with varying ratios of cytochrome b were 
performed and analyzed in the same experiment. 

Incubation with Ratio of LMWG to LMWG in Experiment 
cytochrome b cytochrome b complex (%) (no.) 

Rap1 A-yS 1:2 61.0 2 1.8 10 
Rap1 A-yS 1:l 58.7 a 3.6 7 
RaplA-yS 1:0.5 37.6 a 0.34 3 
Rap1 A-GDP 1:2 33.8 & 9.7 5 
Phosphorylated RaplA-yS 1:2 14.6 & 8.0 3 
Ras-yS 1:2 12.3 a 5.2 3 
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ing the incubation with the cytochrome 
was not inhibiting complex formation. We 
have confirmed ;he inhibitorv effect of 
phosphorylation on the Rap-cytochrome 
interaction by examining the binding of 
phosphorylated RaplA-GDP and unmod- 
ified RaplA-GDP to cytochrome immobi- 
lized on a heparin Ultragel column (14). 

A GDS interacts preferentially with 
phosphorylated RaplB (6). We tested 
whether cytochrome b might exhibit GDS- 
like properties toward RaplA. Cy- 
tochrome b did not change the kinetics of 
binding of [35S]GT~-y-S to RaplA in 
either the presence or absence of Mg2+ 
(23), indicating that no effect on exchange 
of endogenously bound GDP occurred. 
Similarly, in a standard RaplA-GAP assay 
(4, 15) a twofold molar excess of cy- 
tochrome b produced no detectable en- 
hancement in the , hydrolysis of 
[y-32P]GTP by the RaplA protein. Thus, 
the binding of RaplA-yS to cytochrome b 
is not associated with stimulation or inhi- 
bition of GDP exchange; nor does it stim- 
ulate GTP hydrolysis. 

A serine residue (Serlso) at the COOH- 
terminal region of RaplA has been identi- 
fied as the site of phosphorylation by PKA 
(4). Because phosphorylation at this site 
disrupted RaplA-cytochrome b binding, 
the COOH-terminal region of RaplA is a 
possible site of interaction with cy- 
tochrome b. This region is the most vari- 
able portion of the many LMWGs. If 
RaplA interacts with cytochrome b 
through this membrane-opposed region, 
an analogous site may exist in other LM- 
WGs, including Ras, through which tliey 
interact with specific membrane-associated 
effector molecAes. 

The effect of the RaplA-cytochrome b 
interaction on the function of the NADPH 
oxidase system remains to be determined, 
particula~ly in light of the recent identifi- 
cation of Rac2 as a stimulatory regulator 
of the NADPH oxidase (24). Exogenously 
added RaplA does not enhance oxidase 
activity in cell-free systems (25), although 
such activity of a truncated form of RaplA 
has been reported (26). Cytochrome b is 
required for p471ph,,, translocation to the 
plasma membrane during activation of the 
NADPH oxidase (11). This macromolecu- 
lar assembly process may be regulated by 
the RaplA-cytochrome b interaction. It is 
also possible that RaplA could direct the 
association of cytochrome b or granules 
bearing cytochrome b with plasma mem- 
brane sites-or with the cell cytoskeleton 
(27). The inhibition of RaplA-cy- 
tochrome b interaction bv PKA-catalvzed 
phosphorylation makes R ; ~ ~ A  a potektial 
target for inhibitory regulation by the 

CAMP pathway in human neutrophils. 
Such a mechanism could regulate the abil- 
ity of RaplA (or RaplB) to interact with 18. 
macromoiecu~es~in other cells as well. 19. 
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