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Sugar and Signal-Transducer Binding Sites of the
Escherichia coli Galactose Chemoreceptor Protein

NaND K. Vyas, MEENAKSHI N. Vyas, FLORANTE A. QUIOCHO

p-Galactose—binding (or chemoreceptor) protein of Escherichia coli serves as an initial
component for both chemotaxis towards galactose and glucose and high-affinity active
transport of the two sugars. Well-refined x-ray structures of the liganded forms of the
wild-type and a mutant protein isolated from a strain defective in chemotaxis but fully
competent in transport have provided a molecular view of the sugar-binding site and of
a site for interacting with the Trg transmembrane signal transducer. The geometry of
the sugar-binding site, located in the cleft between the two lobes of the bilobate
protein, is novel in that it is designed for tight binding and sequestering of either the «
or 3 anomer of the p-stereoisomer of the 4-epimers galactose and glucose. Binding
specificity and affinity are conferred primarily by polar planar side-chain residues that
form intricate networks of cooperative and bidentate hydrogen bonds with the sugar
substrates, and secondarily by aromatic residues that sandwich the pyranose ring. Each
of the pairs of anomeric hydroxyls and epimeric hydroxyls is recognized by a distinct
Asp residue. The site for interaction with the transducer is about 18 A from the sugar-
binding site. Mutation of Gly’* to Asp at this site, concomitant with considerable
changes in the local ordered water structures, contributes to the lack of productive
interaction with the transmembrane signal transducer.

ACTERIAL PERIPLASMIC BINDING
B proteins are essential components of
both high-affinity active-transport
systems and chemotaxis (1, 2). These pro-
teins have three distinct binding sites that
can be studied by x-ray crystallography: (i) a
fast-reacting and tight-affinity binding site
for substrates such as carbohydrates, oxyacid
anions, or amino acids (3), (ii) a site (or a set
of sites) for interacting with other transport
protein components lodged in the cytoplas-
mic membrane, and (iii) a set of sites for
interacting with the transmembrane signal
transducer protein that is responsible for
triggering chemotaxis.
We have determined and crystallographi-
cally refined to R-factor values of 0.15 to
0.18 the 1.7 A structures of the r-arabi-

nose-binding (ABP) and sulfate-binding
proteins and the 2.4 A structures of the
leucine-isoleucine-valine- and leucine-specif-

Fig. 1. a-Carbon backbone trace of the GBP structure refined at
1.9 A resolution. Especially highlighted are: (i) the model of the
B-p-glucose substrate (filled circles) buried in the cleft formed
between the two domains; (ii) calcium (depicted as a double
circle) bound in a loop (thicker lines) composed mainly of
residues 134 to 142 located at one end of the clongated molecule
[for details see (6)]; and (iii) Gly™ (large filled circle), which is
part of a site for interacting with the Trg transmembrane signal
transducer. The orientation of the two domains is such that the
amino termini of all the helices and carboxyl termini of all the
strands point to the cleft between the two domains.
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ic binding proteins (4-8). Recently we de-
termined the D-maltose-binding protein
structure at 2.8 A (9) and, as we report, the
refinement of the p-galactose—binding pro-
tein at 1.9 A. The tertiary structures of the
six proteins, representing about a third of
the entire family of binding proteins, are
similar despite minimal sequence homology;
they are ellipsoidal and are composed of two
distinct but similar globular domains that
are connected by three separate peptide seg-
ments (for example, Fig. 1). The single
substrate-binding site of each protein is lo-
cated in an essentially identical cleft between
the two domains. Perhaps the most striking
common feature of these proteins is that the
diverse substrates are bound mainly by hy-
drogen bonds (4, 5, 7, 9). These structural
studies have also led to molecular under-
standing of protein-sugar interactions (10,
11) and of electrostatic interactions in pro-
tein structures and in binding of charged
substrates (12).

To locate other functional sites, we stud-
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Fig. 2. (A) Stercoscopic view of the atomic
interactions between GBP and bp-glucose. Car-
bons are depicted as single circle, oxygens as
double circles, and nitrogens as triple circles. The
two binding-site aromatic residues (thin lines),
Phe'® and Trp'®?, sandwich the sugar. The OH4 is
a hydrogen-bond donor to Asp!4 O381 and an
acceptor from Water®'?, which is the only excep-
tion to cooperative hydrogen bonding indicated
in scheme 1, and may be important in sugar
epimer binding (Fig. 4). Residues Arg'® and
Asp'** are within salt-linking distance. Residues
Asp'®, Phe'S, Asn®', and Asn256 are located in one
domain and the residues His'*2, Asp'**, Trp'®,
Arg'*® Asn®"!, and Asp?* are located in the other
domain (Fig. 1). (B) Schematic diagram of the
hydrogen bond network starting at the p-glucose
and extending to two shells of residues. Residues
in shell I are directly hydrogen bonded to the
sugar and to other residues within the same shell.
Residues in shell IT hydrogen bond with those in
shell I. The directions of the hydrogen bonds
(arrows are from donors to acceptors) were dic-
tated solely by the nature of the structure.

ied mutants of binding proteins that exhibit
wild-type substrate binding in vitro, but that
in vivo show a defect in either transport or
chemotaxis, but not in both. Presumably the
mutations affect the site or sites on the
binding protein that interact with the mem-
brane protein components for either trans-
port or chemotaxis while leaving the sub-
strate-binding site fully intact. One such
mutant, a D-galactose-binding protein
(GBP) isolated from strain AW551 of Esche-
richia coli K12 (GBP-551) (13), abolishes
chemotaxis by disrupting the site for bind-
ing the Trg transmembrane signal transduc-
er, but alters neither active transport (14, 15)
nor sugar-binding activity of purified mu-
tant protein (16).

Crystallographic refinements (17-21) of
the structures of the liganded forms of the
wild-type and AW551 mutant GBP not
only solidified understanding of stereospeci-
ficity and affinity in protein-carbohydrate
complexes, but also led to a partial elucida-
tion of a site for interaction with the Trg
signal transducer for galactose-glucose che-
motaxis and a better comprehension of the
effects of mutation on local conformation
and ordered water molecules.

The refinement of the wild-type GBP
crystal structure yielded an R-factor value of

Fig. 3. Stereo pair of the stacking of hydrophobic
patches of the B-p-glucose (p-Glc) with the
aromatic residues Phe6 and Trp'®>. The individ-
ual van der Waals radii used for the molecular
surfaces were C=1.7 A (green), N=16 A
(blue), O = 1.5 A (red). The sugar has hydro-
phobic surfaces or patches (green dots) (one on
either side of the pyranose ring) and a polar
surface (red dots). The major hydrophobic patch
on the B or B face is composed of C3, C5, and C6
atoms, whereas the minor one on the a or A face
is due to atoms C2 and C4.
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Fig. 4. Stereo view of the B-p-glucose (Glc, solid
bonds) bound to GBP (Fig. 2A) superimposed
on models of binding of a-p-glucose and a- or B-
p-galactose (Gal) as derived by model-building
experiments. The C-OH4 bond of the p-galac-
tose and the C-OH1 bond of the o anomer are
drawn in as hollow bonds. The hydrogen bonds
determined from the x-ray structure are depicted
as thick dashed lines and the hydrogen bonds
from the modeling drawn as thin lines. Hydrogen
bonds (not shown) involving OH2, OH3, OS5,
and OH6 of the sugar are identical to those
shown in Fig. 2A. The total number and parame-
ters of the hydrogen bonds and van der Waals
contacts observed in the models of the binding of
the epimer and the anomer are similar to those
found in the refined GBP-B-p-glucose complex

Arg 158

Arg 158

structure. These models were obtained without resorting to energy minimization or conformational idealization.

Fig. 5. Stereo view of the atomic interaction
between L-arabinose-binding protein and r-arab-
inose as previously determined by refinement at
1.7 A resolution (4). Besides the hydrogen bond
interactions, there is partial stacking of the hydro-
phobic patch (C3, C4, and C5 atoms) located on
the B face of the sugar with the B face of Trp'®.
The nonpolar C2 atom on the a face of the sugar
is near the e-CHj group of Met?*. Structure
refinement also shows that « or B anomer of the
sugar is bound. Lys'® and Asp* are within salt-
linking distance. Both Figs. 2A and 5 are oriented
to present similar aspects to the viewer. Although
many of the residues in both binding sites are
identical or highly homologous, the different ori-
entations of the sugars make the hydrogen-bond-
ing interactions in both complexes different. Thus

Arg 151 Arg 151

Nn1

Lys 10 Lys 10

the prediction of Argos et al. (32) of the hydrogen bonding between GBP and p-galactose is incorrect.

0.146 by using all 19,531 observable reflec-
tions (I/cl > 0) from 10 to 1.9 A resolu-
don. The final coordinates of all 2348 non-
hydrogen atoms of the protein deviate from
ideal bond lengths by 0.024 A and ideal
angle distances by 0.045 A.

Since purified GBP contains bound en-
dogenous p-glucose (22), which is also an
excellent substrate (14, 15, 22, 23), refine-
ment also revealed the atomic interactions
between the protein and this monosaccha-
ride (Figs. 1 to 3). The bound sugar is
completely engulfed in the cleft between the
two domains. The well-resolved electron
density of the bound sugar shows preferen-
tial binding of B-p-glucose in the “C; con-
formation (with x5 or C4—-C5-C6—-06 tor-
sion angle of 177°). No other density near
the Cl sugar atom clearly indicates the
binding of the a anomer, but the presence of
a small fraction (<30%) of this form is not
casily demonstrable by the present refine-
ment technique (24).

The buried p-glucose forms 13 strong
hydrogen bonds involving eight polar side
chains distributed between the two domains
and a water molecule (Fig. 2). All of the
hydroxyls and the ring oxygen of the b-
glucose participate in hydrogen bonding.
The hydroxyls do so “cooperatively” by
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Fig. 6. Refined structures (orange) of the (A) wild-type GBP (Gly’*) and (B) GBP-551 (Asp’*) in the
immediate vicinity of residue 74 superimposed on the electron density map (green). The wild-type structure
contoured at 0.35 electron A-3. Also shown are six bound water (Wat) molecules near Gly?4. The GBP-
551 structure contoured at 0.25 clectron A3, Asp7 and nearby residues are clearly resolved even at 3 A
resolution, and all but one of the water molecules present in the wild type are absent.
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simultaneously donating and accepting hy-
drogen bonds. These cooperative hydrogen
bonds can be depicted as:

(NH),— OH— O @Y

where the NH group is the hydrogen bond
donor and the O atom is the acceptor group
of side chains, OH is a sugar hydroxyl, and
n =1 or 2. The mean of 2.87 (0.28) A of
the distances between the donors and accep-
tors indicates strong hydrogen bonds overall
in the GBP-glucose complex. The mean of
the hydrogen bond angles is 156 (16)°, but
the strength of hydrogen bonds varies main-
ly with distance and only slightly with small
“bending of the angle from the mean.

All of the side chains of the eight residues
used in hydrogen bonding the sugar have
planar structure and at least two polar
groups (Fig. 2). Five factors account for this
finding: (i) These residues contain the NH
and O groups used for cooperative hydro-
gen bonding. (ii) All eight residues are fixed

by intramolecular hydrogen bonding and,

moreover, their hydrogen-bonding groups
do not have freedom of torsional rotation.
The final geometry of the binding site de-
pends on the final folded protein and any
ligand-induced conformational change that
brings these residues to their correct posi-
tions. (iii) Three residues (Asn’', Arg'®,
and Asp**®) form favorable bidentate hydro-
gen bonds with the glucose (Fig. 2A). The
02 and O3 atoms of the sugar and 031 and
082 of Asp?® are coplanar, as are the group
of atoms O6 and O5 of the sugar and 031
and N32 of Asn’!. There is less coplanarity
of atoms O1 and O2 of the sugar and N1
and Nm2 of Arg'*®. (iv) All of the planar
polar side chains form extensive networks of
hydrogen bonds with other residues in the
binding site region (Fig. 2B). All of the
hydrogen-bonding groups (either as donors
or acceptors) of the side chains and the
glucose molecule are used in the formation
of cooperative, bidentate, and networked
hydrogen bonds. (v) Carboxylate side chains
are important in binding sugar anomers and
specific epimers (see below).

Many of the cooperative hydrogen bonds
exhibit nearly ideal geometries. The coordi-
nations of OH1 and OH3 are essentially
tetrahedral, including the sugar C~O bond.
The hydrogen-bonding geometry of OH2,
simultancously donating and accepting one
hydrogen bond, is such that the atoms C2
and O2 of the sugar, Arg'*® Nm1 and Asp?*
0382, are coplanar. Furthermore, since the
Arg"*® Nm1H group donated to the OH2 is
in a direction that bisects both sp? lone pairs
of electrons (in their predicted orientations)
on the hydroxyl oxygen, both lone pairs
likely share in accepting the hydrogen bond,
as is the case with OH6 and O5.
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There are ~60 van der Waals contacts
(3.3 t0 4.0 A) between all of the non-
hydrogen atoms of the sugar and 12 resi-
dues and four ordered water molecules. Of
these, 42 contacts result from hydrogen-
bonding interactions, enabling more of the
atoms of the polar residues to come within
van der Waals distance of the sugar. Stack-
ing of both sides of the glucopyranose ring
with aromatic residues (Figs. 2A and 3)
produces only nine contacts. [To distinguish
the two faces or sides of the pyranose ring of
the *C; conformation and the indole ring of
tryptophans, we use the a/B or A/B conven-
tion for cyclic compounds (25).] In the
GBP-glucose complex, the o face of the
sugar is partially stacked with Phe'® from
the N-domain, whereas the B face is com-
pletely covered by the « face of Trp'® from
the C-domain (Fig. 3).

The geometry and nature of the binding
are fully consistent with the unusual sub-
strate specificity and other ligand-binding
properties of GBP. For example, the 4-
epimers D-galactose and p-glucose are both
excellent substrates of GBP, and the o and
B anomers of these sugars can bind with
indistinguishable properties (3, 22). Based
on model-building experiments with
PSFRODO, the site can bind p-galactose
and p-glucose in almost exactly the same
mode, except that the axial OH4 of the
galactose is donated to 082 of Asp'* (hy-
drogen bond distance = 2.8 A, angle =
168°), instead of to O31 of the same residue
(Fig. 4). Asp™™* is equally crucial because,
like Asp® in ABP [see Fig. 5 and (4)], its
0381 atom can form a hydrogen bond with
cither the a- or f-anomeric hydroxyl of both
p-galactose and p-glucose (Fig. 4). Precise
positioning of Asp™* of GBP and Asp® of
ABP is achieved through charge-coupling
and hydrogen-bonding interactions with ba-
sic residues (Figs. 2A and 5). These stereo-
specificities show that GBP has an antipodal
sugar-binding site; at one end is the epimer-
ic recognition subsite, and at the opposite
end is the anomeric recognition subsite,
each subsite requiring a separate Asp residue
(Fig. 4). The types of residues interacting
with the monopyranosides (Figs. 2A, 3, and
4) are also consistent with the observations
that sugar binding induces a change in the
Trp fluorescence (22, 26), and is unaffected
by pH, from pH 5.5 to 9.5 (23).

When two adjacent hydroxyls of pyrano-
sides each interacts with a different atom of
the same planar polar side-chain residue,
they formed bidentate hydrogen bonds,
which require a pair of hydroxyls that are
both equatorial (for example, the OH1 and
OH2 pair and OH2 and OH3 pair of p-
glucose; Fig. 2A) or one equatorial and the
other axial (for example, OH3 and OH4 of

v-arabinose; Fig. 5). The sugar ring oxygen,
when paired with OH6 of p-glucose in the
x5 conformation shown (Fig. 2A) and OH4
of L-arabinose (Fig. 5) can also participate in
bidentate hydrogen bonding (Figs. 2A and
5). In all five different cases cited, the dis-
tance between the pair of sugar oxygen
atoms is about 2.8 A, ideal for bidentate
hydrogen bonds with the planar side chains.

Since planar, polar side-chain residues
with at least two functional groups are the
only ones participating in cooperative, bi-
dentate, and networked hydrogen bonds,
many of these residues are in the sugar-
binding sites of ABP, GBP, and other pro-
teins as well (10, 11). For recognition of the
epimeric hydroxyls of p-galactose and p-
glucose, each requires a different oxygen
atom of the same carboxylate side chain of
GBP (Fig. 4), whereas only one carboxylate
oxygen atom is used for interacting both
anomeric hydroxyls of the sugar substrates
of ABP and GBP (Figs. 4 and 5). The
protein-sugar interactions of GBP and ABP
demonstrate stacking of aromatic side chains
with the pyranose ring (Figs. 2A, 3, and 5).
The p-glucopyranoside bound to GBP is
sandwiched by phenyl and indolyl side
chains, whereas only the B face of the -
arabinopyranoside bound to ABP is partially
stacked with the  face of a Trp residue (Fig.
5). The pairings of all of the polar groups
facilitate the stacking interaction, but also
limit the nonpolar contacts. Of the 350 A?
total accessible surface area of B-p-glucose
(27), only 20% represents nonpolar surface
[C3, C5, and C6 on the B face and C2 and
C4 on the a face (Figs. 1 and 3)]. r-
Arabinose has only one major hydrophobic
patch (C3, C4, and C5), which is located on
the B face [see Fig. 5 and (4)], but note that
the accessible nonpolar C2 atom on the o
face is near an e-CHj group of Met™ (Fig.
5) (16). The aromatic residues further con-
tribute to the specificity by disallowing
binding of other sugar epimers because of
steric hindrance or unfavorable nonpolar
environment or both. Indeed, only the -
galactose and p-glucose epimers are known
to be the best substrates of GBP. L-Arabi-
nose is the best substrate of ABP; the other
epimers—L-ribose, L-xylose, and p-xylose—
bind significantly less tightly (28).

Because of a ligand-induced conforma-
tional change, the essential residues poised
in both domains are brought into interact-
ing positions, and the bound sugar and all of
the residues are buried and completely se-
questered in the cleft between the two do-
mains. The conformational change is de-
scribed as a hinge-bending motion between
the two domains or a “Pac-man” model (7,
29), with closure of the cleft preceded by the
substrate binding first to one domain (7). As
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expected of tight ligand binding in enclosed,
solvent-inaccessible binding sites, all func-
tional groups of polar residues and of every
one of the potential hydrogen bond donor
groups of these residues and the sugar are
used, leading to the formation of extensive
networks of hydrogen bonds and to precise-
ly and stably positioned functional groups.
The numerous, well-optimized hydrogen-
bonding and van der Waals interactions in
both binding protein-sugar complexes give
rise to high packing efficiency of all atoms
involved. Since the protein hydrogen-bond-
ing groups have fewer degrees of freedom
than water, they offer a more stable solva-
tion shell for the bound substrates. More-
over, the lower dielectric constant within the
solvent-excluding cleft sequestering the sug-
ar is likely to strengthen hydrogen bonds.

Saccharides have a large (about 70%)
polar surface composed of hydroxyl and ring
oxygen groups and a smaller nonpolar sur-
face roughly represented by the hydropho-
bic patches (see Figs. 2, 3, and 5). Favorable
entropy contributions to the stability of
protein-carbohydrate complexes are derived
from both hydrophilic effects (expulsion of
hydrogen-bonded water molecules) and hy-
drophobic effects (disordering of organized
water structure). However, the x-ray struc-
tures and thermodynamic data indicate that
hydrogen bonds and van der Waals contacts
are major factors in the absolute stability of
these complexes (10, 11).

The sequence of mglB551, which encodes
GBP-551 (30), shows that Gly” of the wild
type is replaced by Asp. As single crystals of
the GBP-551 are isomorphous with the
wild-type protein crystals (17), the side
chain of Asp’* was easily fitted to an initial
electron density map of the mutant structure
calculated with coefficients (2 1F,l — |Fl,
), where initial phases o, were due to the
refined wild-type GBP structure. The com-
plete mutant structure was then refined (17)
to finally yield an R-factor of 0.155 for 5365
reflections (/oI > 0) in the resolution range
10 to 3 A. The final coordinates deviate
from ideal bond lengths by 0.020 A and
ideal angle distances by 0.059 A. The region
of electron density around residue 74 in the
wild-type and the GBP-551 protein struc-
tures, respectively, is shown in Fig. 6. No
gross protein structural changes accompany
the mutation. Indeed, superimposing both
structures yields root-mean-square devi-
ations of 0.55 A for all 2348 protein atoms,
0.30 A for main-chain atoms only, and 0.1
A for 309 a-carbon atoms only.

In the wild-type GBP structure, a string
of water molecules commences in the mid-
dle of a shallow groove between the third a
helix (residues 72 to 82) and the fourth helix
(residues 95 to 100) in the N-domain and
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eventually connects with a cluster of water
molecules at the opening of the sugar-bind-
ing cleft. These water molecules are held in
place by hydrogen bonds either to the pro-
tein or to each other. Six water molecules
near residue 74 are shown in Fig. 6A. Gly’
abuts the water-filled groove; only one of
these water molecules remains after substitu-
tion by Asp and occupation of the groove by
the Asp side chain (Fig. 6B), and a slight
rotation of the side chain of Glu™® about x1
and x2 occurs, which perturbs the salt link
between Glu” and Arg®!. This substitution
probably accounts for the lack of productive
interaction between GBP-551 and Trg. The
expulsion of a large number of water mole-
cules and small changes in the local structure
might further affect the interaction.

Gly™ is the third residue in the first turn
of the third helix, which puts it near one of
the “lips” of the sugar-binding cleft, but
distant (~18 A) from the nearest hydroxyl
(OHS6) of the bound glucose (Fig. 1). Thus
purified GBP-551 exhibits wild-type sugar-
binding activity (16), and strain AW551,
although defective in chemotaxis, shows
normal sugar-transport activity (14, 15).
Moreover, the mutant and parent structures
have sugar bound in exactly the same loca-
tion. The immediate vicinity of Gly™* does
not participate in the interaction with MglA
and MgIC (2, 14, 15, 30).

We can obtain some clues as to the means
by which the binding protein interacts with
the portion of the membrane-bound Trg
transducer extending into the periplasm.
The area around Gly’* is highly polar; with-
in a 12 A radius from Gly™, there are 14
exposed residues, of which 11 are polar and
3 are nonpolar (Fig. 1). Only three residues
(Asp®, Ala"', and Gly™) form 11 contacts
of no greater than 4 A with a neighboring
molecule in the crystal lattice. There are salt
link (between Asp®® and Lys® of an adjacent
molecule) and ten van der Waals contacts;
no hydrogen bonds are observed. The
groove located between the third and fourth
helices, which contain the array of water
molecules, could serve as a specific intercala-
tion site for polar residues (such as Asp) on
the corresponding site of the signal trans-
ducer. Furthermore, a favorable positive en-
tropic effect resulting from the displacement
of the ordered water molecules in the groove
could provide the driving force in the forma-
tion of the GBP-Trg complex. No other
comparable chain of water molecules could
be found in GBP, although there are five
other pairs of parallel helices (Fig. 1).

The similarity of the binding protein
structures (especially the presence of the two
lobes for interacting productively with
membrane components and the deep cleft
between the lobes for ligand binding), the

nature of the binding sites, and the ligand-
binding properties of these proteins are es-
sential for function in both active transport
and chemotaxis (3—5, 7). Our studies further
reinforce those of others (31), indicating the
importance of high-resolution x-ray analysis
for understanding the properties of mutant
proteins, Finally, only by determining the
ABP and GBP structures were we able to
discover that, in spite of the high degree of
structural and sequence homology of both
sugar-binding sites, the exact hydrogen-
bonding interactions in both complexes are
not equivalent (Figs. 2 and 5).
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Two Cytosolic Neutrophil Oxidase Components
Absent in Autosomal Chronic Granulomatous Disease

BryaN D. VoLrp, WiLLIAM M. NAUSEEF, ROBERT A. CLARK*

Neutrophils kill microorganisms with oxygen radicals generated by an oxidase that
uses the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) as
substrate. This system requires both membrane and cytosolic components and is
defective in patients with chronic granulomatous disease. A cytosolic complex capable
of activating latent membrane oxidase was eluted from guanosine triphosphate—
agarose and was used to raise polyclonal antiserum that recognized 47- and 67-
kilodalton proteins. These proteins were restricted to the cytosol of myeloid cells. Both
proteins were associated with NADPH oxidase—activating capacity when neutrophil
cytosol was purified on nucleotide affinity matrices or molecular sizing columns.
Neutrophils from patients with two different forms of autosomal chronic granuloma-
tous disease lacked either the 47- or 67-kilodalton protein.

HE MICROBICIDAL ACTIVITY OF POLY-
Tmorphonuclmr neutrophils (PMNs)

depends on a burst of nonmitochon-
drial oxidative metabolism that converts
molecular oxygen to superoxide anion and
other toxic oxygen derivatives. The bio-
chemical basis for this respiratory burst is
the stimulus-dependent activation of an

Several laboratories have used a system of
subcellular components to reconstitute a
functioning oxidase system in vitro (4, 5). In
this cell-free system, the latent oxidase is
activated and NADPH-dependent superox-

ide formation expressed when PMN plasma
membrane or specific granule membrane
fractions are combined with cytosol, Mg2+,
and either arachidonic acid or SDS. Activa-
tion of the reconstituted system is augment-
ed by guanosine triphosphate (GTP) ana-
logs or fluoride and inhibited by guanosine
diphosphate (GDP) analogs, suggesting in-
volvement of a GTP-binding protein (11).
In addition, we have recently noted the
presence of a substrate for pertussis toxin—
catalyzed adenosine diphosphate (ADP)—
ribosylation in PMN cytosol (12). On the
basis of these observations, we reasoned that
the cytosolic factor important in activation
might be a GTP-binding protein and we
attempted to purify this factor by GTP-
agarose affinity chromatography. Fractions
were assessed for superoxide-generating ac-
tivity in the presence of PMN membrane
fractions, arachidonic acid, and NADPH
(Fig. 1). All of the activity in cytosol was
bound to the column and was eluted with a

NADPH oxidase (). This enzyme system
consists of (i) membrane-associated catalytic N
components that include cytochrome bssg
and function as an electron transport chain
(2-4) as well as (ii) soluble cytosolic compo-
nents that appear to be involved in oxidase
activation (4, 5). Chronic granulomatous ok \

disease (CGD), a clinical syndrome of severe ’ I \

and recurrent infections, is characterized ’ \ 1
biochemically by the absence of the respira- 0.5 \
tory burst (1, 6). The X-linked form is !

associated in most cases with an absence of A= A

Azgo
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-125.7

cytochrome b and an inherited defect in its
91-kD B subunit (1, 6, 7). In contrast,

oo Fraction number
autosomal CGD, constituting about one-

1t 2 3 4 5 6 7 8

third of the cases, is generally characterized
by normal cytochrome b but an absence of
the essential cytosolic factor activity (8-10).

Department of Medicine, University of Iowa, College of
Medicine, and Veterans Administration Medical Center,
Towa City, 1A 52242.

*To whom correspondence should be addressed.

2 DECEMBER 1988

Fig. 1. Partial purification of PMN cytosol factor on a GTP-agarose affinity column. Human PMNs
(18) were purified, disrupted by nitrogen cavitation, and fractionated on Percoll gradients (4). (Left)
Cytosol from 2 x 108 cells was loaded on a column containing 1 ml of GTP-agarose (19). The column
was then washed with 5 ml of buffer followed by elution with 5 ml of buffer (arrow) (19). Fractions of 1
ml were collected and assessed for protein (———) and NADPH oxidase activation (4, 20) ( ) in the
presence (@) or absence (O) of 5 uM GTP-y-S (Bochringer Mannheim). (Right) SDS-PAGE on 9%
slab gels (21). Shown are Coomassie blue stains of (a) PMN cytosol (5 X 10° cell equivalents) and (b)
the active fraction from the GTP-agarose column (~40 X 10° cell equivalents) and (c) a silver stain of
the same quantity of the active column fraction. The locations of molecular size standards are shown in
kilodaltons.
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