of cell-cell contact where membrane-cyto-
skeletal complexes are assembled, possibly
by linkage to E-cadherin (23) (Fig. 1). In
membranes that lack membrane-cytoskeletal
complexes (such as the apical membrane of
MDCK cells) Na*, K*-ATPase is rapidly
internalized at a rate (Fig. 4) similar to that
of constitutive endocytosis of cell surface
markers (~2 hours) (23). Assembly of the
membrane-cytoskeletal complexes in selec-
tive domains may provide a flexible mecha-
nism. for generating different distributions
of Na*, K*-ATPase in other polarized epi-
thelial cells in which the same subunits are
localized to the apical membrane (1, 2) or to
both (4) the apical and lateral membranes.
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Activation of a Small GTP-Binding Protein by
Nucleoside Diphosphate Kinase

PAuL A. RanDAZZO, JoHN K. NORTHUP, RICHARD A. KAHN*

Genes that encode nucleoside diphosphate kinases (NDKs) have been implicated as
regulators of mammalian tumor metastasis and development in Drosophila melano-
gaster. However, the cellular pathways through which NDKs function are not known.
One potential mechanism of regulation is phosphorylation of guanosine diphosphate
(GDP) bound to regulatory guanosine triphosphate (GTP) binding proteins. NDK-
catalyzed phosphorylation of bound GDP was investigated for the adenosine diphos-
phate ribosylation factor (ARF), a 21-kilodalton GTP-binding protein that functions
in the protein secretion pathway. Bovine liver NDK, recombinant human NDK, and
the protein product of the mouse gene nm23-1, which suppresses the metastatic
potential of certain tumor cells, used ARF-GDP as a substrate, thereby allowing rapid
and efficient production of activated ARF (ARF-GTP) in the absence of nucleotide
exchange. These data are consistent with the proposed function of NDK as an activator
of a small GTP-binding protein and provide a mechanism of activation for a regulatory
GTP-binding protein that is independent of nucleotide exchange.

UCLEOSIDE DIPHOSPHATE KINASE

| \ | (NDK) is a commonly occurring
enzyme that catalyzes the phos-
phorylation of nucleoside diphosphates by
nucleoside triphosphates. The NDKs have
been proposed to function in the mainte-
nance of nucleoside triphosphate pools (1,
2). Cloning” of two genes encoding ho-
mologs of NDK, nm23, (expression of
which reduces the metastatic potential of
certain tumor cells) and awd (a developmen-
tal gene) (3), has renewed previous specula-
tion (2) that NDKs may serve regulatory
functions. One possible site of NDK action
is as an activator of regulatory guanine
nucleotide-binding proteins. If NDK serves
as an activator of a regulatory GTP-binding
protein the enzyme must utilize GDP as a
substrate while GDP is bound to the regu-
latory protein, and the NDK-catalyzed pro-
duction of GTP must result in activation of
the regulatory protein. Several regulatory
GTP-binding proteins, including members
of both the heterotrimeric G protein family
and the monomeric 20- to 25-kD family,
have been examined as potential NDK sub-
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strates (4, 5). However, it has not been
shown that NDK can use bound GDP as a
substrate or that a GTP-binding protein can
be activated by such a mechanism. ADP
ribosylation factor (ARF), a 21-kD GTP-
binding protein implicated in Golgi func-
tion, has two characteristics that helped us
to examine these issues. First, the activity of
ARF can be assessed with a simple in vitro
assay, that is, ARF is a required cofactor for
the cholera toxin—catalyzed ADP ribosyla-
tion of G, a heterotrimeric G protein (6, 7).
This activity is found only for GTP-bound
ARF and not the GDP-bound protein. Sec-
ond, nucleotide exchange kinetics of the
purified protein have been well character-
ized, and in the absence of phospholipid and
detergent the nucleotide dissociation rate is
negligible (7). Even under optimal condi-
tions for nucleotide exchange the release of
GDP is slow and the stoichiometry of GTP
binding is less than 0.10.

Addition of NDK to purified ARF that
was first bound with [a-3?P]GDP caused
conversion to [a-*?P]GTP at a rate propor-
tional to the quantity of added NDK (Fig.
1A) (8). At the highest concentration of
NDK examined (140 nM), 80% of the
bound GDP was converted to GTP within 3
min (9). We obtained similar results using
commercially available bovine liver NDK or
purified recombinant nm23-H1, nm23-H2,
or nm23-1 proteins (10, 11). Our results
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(Fig. 1) appear to represent a single expo-
nential process. When the kinetics of GTP
formation from ARF-GDP were examined,
the rate saturated hyperbolically as a func-
tion of the concentration of ARF-GDP (Fig.
1B). Hence, we compared the substrate
activity of ARF-GDP and GDP (12). Using
the nm23-H1 NDK, we determined the
Ko app a0d Vi oo to be 0.16 = 0.05 uM
and 5.1 = 0.4 wmol/min per milligram of
protein for ARF-GDP as a substrate, and 37
+ 35 pM and 210 += 15 pmol/min per
milligram of protein for free GDP as a
substrate. Thus, the affinity of NDK for
ARF-GDP is about 200 times greater than
that for free GDP, and the rate of phospho-
rylation of GDP is 40 times that of
ARF-GDP. This relatively high affinity of
NDK for ARF-GDP suggests the formation
of a stable complex that may serve to mod-
ulate the activity of one or both proteins.
Phosphorylation of ARF-GDP occurs in
the absence of nucleotide exchange, suggest-
ing that ARF-GDP, rather than free nucle-
otide, is the substrate for NDK. No ex-
change of nucleotide was detected when
[¢-*2P]GDP-bound ARF was incubated
with an excess of unlabeled GDP (1000
times more) in the absence of phospholipid

(Fig. 1C) (7). Similarly, no binding of

Fig. 1. NDK uses ARF-GDP as a substrate. (A)
Rate and extent of conversion of ARF-GDP to
ARF-GTP as a function of the concentration of
NDK. Reaction mixtures contained 0.1

[o-3?P]GDP-ARF (8), 25 mM Hepes (pH 7.4), 2.5
mM MgCl,, 1 mM ATP and 0 (solid squares), 1.4
nM (solid triangles), 14 nM (solid inverted trian-
gles), or 140 nM (solid diamond) bovine liver NDK
and were incubated at 30°C. At the indicated times,
duplicate samples were removed and the percent of
total guanine nucleotide present as GTP was quanti-
fied (8). The experiment is representative of three
similar experiments. (B) Equilibrium kinetics of
NDK-catalyzed phosphorylation of ARF-GDP. The
indicated concentrations of unlabeled ARF and 0.02
pM [a-32P]GDP-ARF were incubated with nm23-
HI1 NDK (6 nM). (C) Nucleotide exchange kinetics
on ARF. To determine the extent to which GDP
dissociated from ARF, 0.1 pM [o-3?P]GDP-ARF
was incubated with 25 mM Hepes, 1 mM DTT, 1
mM ATP, 2.5 mM MgCl, and either 100 pM GDP
(solid square, solid line) or 500 nM NDK and 100
pM GTP (solid triangle, dashed line). At the indi-
cated times, ARF was separated from free nucleotide
by trapping on nitrocellulose filters as described (7).
The data are reported (left axis) as a percent of
nucleotide (GXP refers to GDP or GTP) bound at
time 0 and are from one experiment representative of
three. The error bars represent the standard deviation
for triplicate determinations. To determine the rate at
which GTP associated with ARF, 0.5 pM recombi-
nant ARF was incubated in the presence of 10 pM
[y-*?P]GTP in 25 mM Hepes (pH 7.5), either with
2.5 mM MgCl,, 1 mM DTT and 1 mM ATP (solid
circle, dotted line), or with 1'mM EDTA, 0.5 mM
MgCl,, 3 mM L-a-dimyristoyl phosphatidylcoline,
sodium cholate (0.1%) and 100 mM NaCl (solid

[v-3?P]GTP to ARF was detected in the
absence of phospholipid (Fig. 1C). Under
optimal conditions for exchange (7) less
than 8% of ARF was converted to the GTP
bound form after 1 hour at 30°C (Fig. 1C).
Hence, guanine nucleotide exchange cannot
account for the rapid and efficient produc-
tion of ARF-GTP by NDK. As a further test
of this conclusion, an excess of unlabeled
GTP (1000 times more) was included in the
NDK reaction mixture, which contained
[-*?P]GDP-ARF, and 32P bound to ARF
was measured. During conversion of bound
GDP to GTP, dilution of the radioisotope
bound to ARF was not observed; dilution
would be expected if nucleotide exchange
had occurred (Fig. 1C). Furthermore, when
the samples were fractionated on Sephadex
G-25 resin, all label was recovered in the
void volume along with ARF; none was
recovered in the fraction that contained free
nucleotide (10). These data demonstrate
that protein-bound GDP was rapidly and
efficiently phosphorylated in the absence of
nucleotide exchange.

Addition of human (nm23-H1) (Fig. 2),
murine (nm23-1) (Fig. 2), or bovine (liver)
(5, 10) NDKs to the ARF assay resulted in
an accelerated rate of cholera toxin—cata-
lyzed ADP ribosylation of G,. In that
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star, solid line) at 30°C, and nucleotide bound to ARF was quantitated. Data are reported as the percentage

of ARF that had exchanged nucleotide (right axis).
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ARF-GTP, and not ARF-GDP, has been
shown to be the active species in the cholera
toxin—catalyzed reaction (6, 7), these results
are consistent with the NDK-catalyzed pro-
duction of ARF-GTP. We considered two
other interpretations of the data to be less
likely. (i) NDK may serve as a GTP regen-
erating system to maintain GTP concentra-
tions, thus resulting in higher ARF activity.
Hydrolysis of GTP in the ARF assay (13)
was found to be very slow [ <1% of the GTP
(originally present at 100 pM) or <2% of
the GTP (originally present at 20 uM) was
hydrolyzed after 150 min at 30°C] and,
thus, regeneration of GTP by the inclusion
of NDK and ATP cannot account for the
observed activities. (ii) G;GDP may be a
substrate for NDK and in the GTP-bound
form serve as a better substrate for cholera
toxin—catalyzed ADP ribosylation. Because
of the participation of two GTP-binding
proteins in this reaction, it has proven diffi-
cult to clearly resolve effects of nucleotides
on the individual regulatory proteins. It is
conceivable that NDK phosphorylates
G,'GDP like it does ARF-GDP and that the
G,'GTP so formed is a better substrate for
ADP ribosylation by cholera toxin. Howev-
er, the ADP ribosylation reaction is depen-
dent on ARF and activation of ARF with
hydrolysis-resistant GTP analogs can relieve
the guanine nucleotide requirement of the
reaction (7). Hence, our data indicate that
NDK can activate ARF. We propose that
the phosphorylation of ARF-GDP to form
ARF-GTP results in the attainment of its
active conformation. The conformation of
ARF-GTP produced by NDK was indepen-
dently determined by a second means (14).
ARF-GTP binds to phospholipid vesicles
and sediments more rapidly in sucrose gra-
dients than ARF-GDP, which does not bind
the vesicles and sediments at a rate consis-
tent with it being a 21-kD monomer. Addi-
tion of NDK and ATP to ARF before the
mixture was placed on sucrose gradients was
sufficient to promote association of ARF
with phospholipid vesicles in the absence of
any added GTP (10). This result confirms the
conclusion that the ARF-GTP produced by
NDK is indeed an activated species of ARF.

The ability to produce ARF-GTP without
the need of either phospholipid or free GTP
should prove useful for the examination of
the in vitro properties of ARF and its roles
in cholera toxin—catalyzed ADP ribosylation
and protein secretion. Our experiments
(Fig. 2) have revealed that phospholipid is
required for ADP ribosylation at a step
distal to the activation of ARF. These results
also show that GTP is required in the chol-
era toxin reaction at a step subsequent to
activation of ARF, because no ADP ribosyl-
ation was observed in the absence of added
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Fig. 2. Effect of NDK on cholera toxin—catalyzed
ADP ribosylation of G,. Equal concentrations (10
nM) of the proteins nm23-H1 (H1) or nm23-1
(nm23) were incubated with 25 mM Hepes (pH
7.4), 2.5 mM MgCl,, 5 pM [3°P]NAD, 1 mM
DTT, 3 mM L-a-dimyristoyl phosphatidylcho-
line, sodium cholate (0.1%), 1 mM ATP, 0.1 pM
mARFlp, 0.05 uM recombinant B,y (19), 0.15
pM recombinant (a,) (21) a subunit of G, and
the indicated concentrations of GTP for the indi-
cated times (A) or for 40 min (B). The [32P]ADP-
ribosylated G, was separated from free NAD and
quantitated ecither by trapping the trichloroacetic
acid-precipitable material on nitrocellulose filters
followed by scintillation spectroscopy (A) or by
the addition of the sample to Laemmli sample
buffer and fractionation by polyacrylamide gel
electrophoresis and autoradiography (B) as de-
scribed in (7). Only the 45-kD region of the gel is
shown as no other bands were observed on the
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gels. These experiments were performed three times with similar results. Part B is a composite from two

experiments with the different enzymes.

GTP even under conditions in which
ARF-GTP was The reaction may
require binding and hydrolosis of GTP by G,.
HydmlysnsofGTPapparstobcreqmmd
because GTP S cannot substitute for GTP
(15). This conclusion is consistent with exper-
iments showing that G,GTPyS is not a sub-
strate for cholera toxin (7) and that point
mutants of the a subunit of G, that hydrolyze
GTP slowly are poor substrates for cholera
toxin (15).

NDK apparently phosphorylatess GDP
bound to ARF, which results in activation of
ARF. This mechanism of activation of a regu-
latory GTP-binding protein obviates the need
for nucleotide exchange or nucleotide exchange
factors. It is not yet clear if other regulatory
GTP-binding proteins can also serve as sub-
strates for NDK. Mammalian ARF is the only
regulatory GTP-binding protein without de-
tectable intrinsic GTPase activity, although an
ARF GTPase-activating protein (GAP) has
been identified in bovine and yeast cells (16).
This raises the possibility that, unlike the trim-
eric G proteins, activation of ARF is not the
limiting step in its function in vivo. Rather, if
NDK serves to maintain the ARF-GTP state,
the site of regulation of the ARF signal may be
the point of GTP hydrolysis, that is, interaction
of ARF with the ARF GAP. Controversy
exists as to whether the interaction of GAP
with another small GTP-binding protein,
p21™, serves to terminate or initiate a p21™
signal (17). ARF is an abundant coat protein
on nonclathrin-coated, Golgi-derived vesicles
(18). Thus, ARF might regulate a specific step
in vesicular traffic, for example, vesicle uncoat-
ing or fusion, which would be initiated by the
ARF GAP-stimulated hydrolysis of GTP on
ARF at the acceptor membrane site.
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2 mM MgCl,, 100 mM NaCl, 1 mM dithiothreitol
(DTT) and sodium cholate (1%). To determine
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loaded with [a- 2P]GDP was incubated as described
and at the indicated times samples were removed
from the reaction and applied to cellulose polyeth-
ylenimine, thin-layer chromatography plates. To
separate GTP from GDP, chroma were de-
veloped in a solution of 1 M LiCl and 1 M formic
acid. Nucleotides were visualized by autoradiogra-
phy and were quantified by scintillation spectrosco-

py-

The control, with no added NDK, (Fig. 1A) had a
discernible rate of NDK activity because ARF was
contaminated with NDK (~0.001%). Contamina-
don of ARF, G protein, and By preparations is
common.

P. A. Randazzo and R. A. Kahn, unpublished data.
To prepare recombinant nm23-H1, nm23-H2, and
nm23-1, the coding regions were amplified by the
polymerase chain reaction (PCR) with cDNAs (sup-
plied by P. Smg)astcmplaocandsynd\cucohgo-
nucleotides that incorporate an Nde I site at the
initiating methionine and a Bam HI sitc 6 bp

downstream of the stop codon as described [R. A.
Kahnet al., J. Biol. Chem. 266, 2606 (1990)]. The
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and protein expression was induced with IPTG. The
bacteria were lysed by sonication and after centrifu-
gation (45 min at 100,000g), ammonium sulfate
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Long-Range Structure in Ribonuclease P RNA

EL1zABETH S. HAAs,* DANIEL P. MORSE,* JAMES W. BROWN,*
Francis J. ScHMIDT, NORMAN R. PAcCEt

Phylogenetic-comparative and mutational analyses were used to elucidate the structure
of the catalytically active RNA component of eubacterial ribonuclease P (RNase P). In
addition to the refinement and extension of known structural elements, the analyses
revealed a long-range interaction that results in a second pseudoknot in the RNA. This
feature strongly constrains the three-dimensional structure of RNase P RNA near the
active site. Some RNase P RNAs lack this structure but contain a unique, possibly
compensating, structural domain. This suggests that different RNA structures located
at different positions in the sequence may have equivalent architectural functions in

RNase P RNA.

IBONUCLEASE P (RNASE P) CLEAVES

precursor tRNAs to produce the ma-

ture 5’ ends; it occurs in vivo as a
complex between a small protein (119 amino
acids in Escherichia coli) and a much larger
RNA (377 nucleotides). The RNA is the cat-
alytic moiety (). It is anticipated that the
three-dimensional structure of the RNA deter-
mines its binding specificity and creates the
catalytic site. Using two related approaches, we
have identified a structure in RNase P that
places constraints on three-dimensional mod-
els. Comparisons of this structure in RNase P
RNAs from different organisms point to evo-
lutionary substitution of functional domains in
RNase P RNA.

We used sequence covariation (coordinat-
ed changes in nucleotide sequences) to iden-
tify base-paired elements in RNase P RNA.
In a phylogenetic approach, we compared
sequences of RNase P RNAs from different
organisms (2, 3). Base-paired elements are
identified by evolutionary variations that
maintain the potential for Watson-Crick
pairing (A-U or G-C) (4). In an ongoing
survey of RNase P RNAs of diverse eubac-
teria, we have encountered covariations in
sequences found to be invariant in other
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studies. These new sequences are from
Streptomyces bikiniensis var. zorbonensis (5),
Deinococcus radiodurans (6), and Thermotoga
maritima (6). Covarying nucleotides and the
consequences of their interaction in the
RNase P RNA secondary-structure model
are shown in Fig. 1.

Induced mutational analysis is an alterna-
tive to phylogenetic comparisons for the
identification of interacting sequences. Mu-
tations that interfere with function were
imroduced into the RNase P RNA, then
second-site “suppressor” mutations that re-
store function were identified. We consid-
ered two nucleotides to form base pairs in
the RNA structure if the suppressor muta-
tion was complementary to the original mu-
tation. At pH 6, hydroxylamine induces
unidirectional G to A or C to T changes in
DNA (7): Therefore, two induced mutagen-
ic events can convert a G-C base pair in
RNA secondary structure into an A-U pair,
allowing us to identify nucleotides that in-
teract by Watson-Crick pairing. Defective
variants of RNase P RNA were screened in
E. coli FS101. This strain produces a defec-
tive RNase P protein, causing a tempera-
ture-sensitive growth phenotype (8). Intro-

"duction of a high copy-number plasmid

containing a functional rmpB gene, which
encodes RNase P RNA, allows FS101 to
grow at 42°C; however, a gene coding for a
sufficiently defective RNase P RNA does
not suppress the temperature-sensitive phe-
notype (9).

Hydroxylamine-generated mutant plas-

mids that did not suppress the temperature-
sensitive phenotype of FS101 were isolated
and sequenced (10) (Fig. 1B). All of these
mutant genes had acquired one or two G-C
to A-T transitions. Mutant plasmids that
contained single lesions were subjected to a
second round of hydroxylamine treatment
and introduced into FS101. We identified
reverted rmpB genes by their restoration of
the ability to support the growth of FS101
at the restrictive temperature (Fig. 2).

Our comparative and mutational data re-
vealed base pairs (Fig. 1) in helices that form
two pseudoknots (11) in the RNA. One of
the pseudoknots results from pairing of nu-
cleotides 82 to 85 with 276 to 279 [(helix
82-85/276-279; numbering and helix no-
menclature are described in (12)]. The mu-
tational data show that G82 and G83 pair
with C279 and C278, respectively (Fig.
1B); phylogenetic covariations support the
pairing of G82 with C279, G83 with C278,
and G84 with C277 (Fig. 1A). Equivalent
pairings exist in all known RNase P RNAs
except those of Bacillus, in which the struc-
tures of the contacting domains that create
the pseudoknot are different.

It has been pointed out that the simulta-
neous occurrence of helices 12-18/336-342
and 70-73/354-357 results in the formation
of a pseudoknot in RNase P RNA (2). Helix
70-73/354-357 has been extended by pair-
ing G74, thought to be paired elsewhere,
with C353 (3). It was recognized that this
helix could potentially extend another three
base pairs (66-68/358-360) if U69 were
bulged from the helix. However, no evi-
dence for these pairings had been encoun-
tered (3). Phylogenetic (Fig. 1A) and muta-
tional (Fig. 1B) covariations now confirm
the occurrence of two of the three base pairs
in that extension.

The two types of sequence covariation
analysis used in this study are formally
equivalent, but there are important differ-
ences in the information that can be ob-
tained. The phylogenetic approach allows
the detection of base pairs only if the appro-
priate covariations can be found. Some var-
iants, however, may be rare or absent in
nature. In such cases, mutagenesis is re-
quired to test the pairing. Mutagenesis, on
the other hand, is limited by the availability
of a sensitive assay for the biological activity

" of the RNA. Although complementation of

FES101 appears to meet this requirement, it
is likely that some mutations were not de-
tected because they did not result in a suffi-
ciently defective enzyme or because the mu-
tant RNA is lethal to the host at the
permissive temperature. A specific limitation
of hydroxylamine mutagenesis is that only
G-C base pairs can be tested.

The two pseudoknots in the RNase P
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