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Lysine 1423 of neurofibromin (neurofibromatosis type I gene product [NF1]) plays a crucial role in the
function of NFl. Mutations of this lysine were detected in samples from a neurofibromatosis patient as well as
from cancer patients. To further understand the significance of this residue, we have mutated it to all possible
amino acids. Functional assays using yeast ira complementation have revealed that lysine is the only amino acid
that produced functional NFl. Quantitative analyses of different mutant proteins have suggested that their
GTPase-activating protein (GAP) activity is drastically reduced as a result of a decrease in their Ras affinity.
Such a requirement for a specific residue is not observed in the case of other conserved residues within the
GAP-related domain. We also report that another residue, phenylalanine 1434, plays an important role in NFI
function. This was first indicated by the finding that defective NF1s due to an alteration of lysine 1423 to other
amino acids can be rescued by a second site intragenic mutation at residue 1434. The mutation partially
restored GAP activity in the lysine mutant. When the mutation phenylalanine 1434 to serine was introduced
into a wild-type NF1 protein, the resulting protein acquired the ability to suppress activated phenotypes of
RAS2vav-19 cells. This suppression, however, does not involve Ras interaction, since the phenylalanine mutant
does not stimulate the intrinsic GTPase activity of RAS2Va!`19 protein and does not have an increased affinity
for Ras proteins.

Neurofibromatosis type I is a genetic disease of the
peripheral nervous system that afflicts one in 3,500 people
worldwide (14). The NF1 gene encodes a protein of 2,818
residues (9). Alternatively spliced messages have been de-
tected (1, 3, 13). An established biochemical activity of
neurofibromin is to stimulate intrinsic GTPase activity of
Ras proteins (GTPase-activating protein [GAP] activity) (2,
10, 20). This activity cannot stimulate the intrinsic GTPase
activity of activated Ras proteins. The region responsible for
this activity is an approximately 360-residue region called
the GAP-related domain (GRD) which is present in all
Ras-GAP proteins identified. An extended region of homol-
ogy outside the GRD is detected between neurofibromin and
its Saccharomyces cerevisiae counterparts, IRAl and IRA2
proteins (4, 21). We have previously shown that the IRA2
protein exhibits GAP activity and functions to downregulate
yeast RAS proteins (17). Furthermore, NFl can complement
the heat shock sensitivity of yeast ira mutants, suggesting
functional similarities between the two proteins.
Within the GRD, four regions, termed boxes I to IV,

contain residues that are conserved among different Ras-
GAP proteins, which include NF1, p120-GAP, S. cerevisiae
IRAl and IRA2 proteins, and Schizosaccharomyces pombe
Sarl protein (2, 18). Drosophila Gapl protein also contains
these boxes (5). Among these, two regions, boxes III and IV,
located toward the C-terminal side of the GRD, contain a
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high percentage of conserved residues. In fact, there are 14
perfectly conserved amino acids within the GRD, and 10 out
of the 14 are found in these two boxes. A sequence,
FLR...PA, located between residues 1389 and 1396 in box
III, is highly conserved. The significance of these boxes has
been investigated (6).
The importance of GAP activity for the function of NF1

has been underscored by the finding of mutations within the
GRD in samples obtained from a neurofibromatosis patient
as well as from tumors of several cancer patients (8). These
mutations changed a conserved lysine at residue 1423 of
neurofibromin to glutamic acid or glutamine. The authors
reported that the GAP activity was drastically reduced by
these mutations but the affinity for Ras protein was unaf-
fected. An alteration of this lysine residue to methionine has
been reported to affect the stability of the protein (19).
To gain further understanding of the significance of the

lysine 1423 residue and to investigate the GRD domain, we
have addressed the specificity of lysine 1423 by replacing
this residue with all possible amino acids. Our results point
to the importance of the lysine residue for the NF1 function.
We also report the detection of a second site suppressor
which rescued the loss of function in the lysine mutant. This
mutation, in wild-type NF1, suppressed the activated phe-
notype of RAS2Val-A mutants.

MATERIALS AND METHODS

Materials and strains. [,y-32P]GTP (5,000 Ci/mmol; 1 mCi =

37 MBq) and deoxyadenosine 5'-(a-[35SJthio)triphosphate
(1,200 Ci/mmol) were purchased from Amersham. A nonhy-
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drolyzable analog of GTP, GMP-PCP (guanylyl (1,-y-meth-
ylene)-diphosphonate), was purchased from Boehringer
Mannheim. The AmpliTaq DNA polymerase from Perkin
Elmer Cetus was used for PCRs. The sequencing reactions
were performed by using the Sequenase version 2.0 kit from
United States Biochemical Corp. S. cerevisiae KT27-2D
(MA4 Tot ura3 leu2 his3 trpl iral::LEU2), S. cerevisiae TK161-
R2V (AVTa leu2 ura3 trpl his3 ade8 canl RAS2Val-9), and
Eschenichia coli HB101 were used.

Mutagenesis of the NFI gene. Site-specific mutagenesis
was carried out by overlap extension, using the PCR tech-
nique (7). For this purpose, a DNA fragment encoding the 3'
half of the GRD (codons 1354 to 1538 of the NFI gene) was
amplified. The 5' sense primer, TCCTCAGAATICCAGT
GTGTGTATC, contains an EcoRI site. Two different 3'
antisense primers, ATCAATCACAGCIGCCAGTGTGTA
TC and ATCAATAAQGTCCAGTGTGTTATC, contain-
ing PvuII and HindIII sites were used for yeast and E. coli
constructs, respectively. The overlapping oligonucleotides
harboring the appropriate mutation contained the sequence
AGTTAATGTCNNNGATACTTCAGAG and its comple-
mentary sequence. The codon NNN varied with the muta-
tions. It was GAG and CAG for the substitutions of lysine
1423 to glutamic acid and lysine 1423 to glutamine, respec-
tively. For the alteration of lysine 1423 to all possible amino
acid residues, a random sequence was used for this codon.
In the case of the single (F1434S) and double (K1423R1
F1434S) mutant proteins, this codon encoded the lysine
(AAG) and the arginine (AGG) residues, respectively, and
the DNA from the double mutant K1423S/F1434S was used
as a template. The mutated fragments were cloned in the
EcoRI-PvuII and EcoRI-HindIII sites of pKP22 and pGNF1,
respectively, for yeast and E. coli expression (20). The
pKP22 vector contains the yeast glyceraldehyde 3-phos-
phate dehydrogenase promoter. All of these constructs
express the GRD peptide corresponding to the region be-
tween residues 1172 and 1538 of NFl. pGNF1 constructs
express glutathione S-transferase (GST) fusion proteins in E.
coli.

Screen using the heat shock sensitivity of an iral mutant.
The mutant NF1-GRD library was transformed into iral
mutant KT27-2D. Transformants were transferred to a new
plate and subjected to heat shock treatment (53°C, 30 min).
Heat shock-resistant transformants were subjected to an-
other cycle of heat shock treatment. Positive clones were
further analyzed by growth on a plate containing 5-fluoro-
orotic acid. Cells growing on this plate should have lost their
plasmids and become heat shock sensitive. Plasmid DNAs
from the heat shock-resistant and heat shock-sensitive
groups were recovered by transfection into E. coli, and their
sequences were determined.

Production and purification of GST-NF1 and Ras proteins.
E. coli HB101 cells harboring the appropriate NF1-GRD
constructs were induced for 16 h at 25°C. The low temper-
ature was used to improve solubility of mutant NF1 proteins.
The cells were collected and lysed with lysozyme, lubrol,
and DNase I. The fusion proteins were then purified to near
homogeneity by using glutathione beads as described previ-
ously (20) except that the elution was carried out for 5 min
twice at room temperature. The purified proteins were
stored in 50% glycerol at -20°C. No significant loss of
activity was detected during the course of the experiments (2
months). H-ras and RAS22Ya-19 proteins were obtained as
previously described (20).
GAP assay and determination of Ras affinity. GAP activity

against H-ras and RAS2Val-19 proteins was determined by
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FIG. 1. Suppression of the heat shock sensitivity of iral cells by
NF1-GRD mutations. iral yeast cells (KT27-2D) were transformed
with various constructs containing the indicated NF1-GRD. pKT10
is a control vector with no NFl. The transformants were selected on
uracil-deficient synthetic complete medium plates (17) and heat
shocked for 30 min at 53°C. The cells were then allowed to grow for
3 days at 30°C. (A) Mutations at lysine 1423; (B) mutations in the
FLR...PA region. WT, wild type.

using a filter assay as described previously (20). Briefly, 25
nM Ras protein prebound with [y-32P]GTP was incubated at
30°C with the indicated concentrations of NF1 protein, and
the radioactivity which remained bound to Ras was deter-
mined by using nitrocellulose filters.
Two methods were used to determine Ras affinity. In the

first method, H-ras protein complexed with a nonhydrolyz-
able GTP analog, GMP-PCP, was used to competitively
inhibit the GAP activity of NF1 essentially as described
previously (15). Briefly, 5 nM H-ras protein with prebound
[.y-32P]GTP was incubated with NF1 protein in the presence
of increasing concentrations of H-ras complexed with GMP-
PCP. When indicated, RAS2VaIl9 protein bound to GTP was
also used as a competitor. The GAP activity was measured
by using nitrocellulose filters after a 15-min incubation at
30°C. For the K1423E mutant protein, which did not have
detectable GAP activity, we used an alternative method. In
this case, increasing concentrations of K1423E mutant pro-
tein were added to the wild-type NF1 GAP assay to deter-
mine whether the mutant protein inhibited the GAP activity
of the wild-type NF1 by binding to the H-ras protein.

RESULTS

Complementation of iral mutants. To address the specific-
ity for lysine 1423, we randomly mutagenized this residue
and tested for function in the yeast system. The test was
based on complementation of the heat shock-sensitive phe-
notype of yeast ira mutants. Figure 1 shows that a functional
test can be performed. In this experiment, we prepared
constructs of NF1-GRD (residues 1172 to 1538 of NF1)
under the control of the glyceraldehyde 3-phosphate dehy-
drogenase promoter. Lysine 1423 was changed to glutamic
acid or glutamine by site-directed mutagenesis. These muta-
tions have been detected in samples from a neurofibromato-
sis patient as well as in tumors from cancer patients and are
known to reduce GAP activity significantly (8). These con-
structs were transformed into yeast iral mutant cells, and
the transformants were subjected to heat shock treatment.
As can be seen in Fig. 1A, both K1423Q (substitution of
lysine 1423 with glutamine) and K1423E mutations were
incapable of suppressing the heat shock sensitivity of the
iral mutant. In contrast, wild-type NF1 efficiently sup-
pressed the heat shock sensitivity. The negative control was
pKT10, the vector which contained no NFl. Western blot-
ting (immunoblotting) with an anti-NFl antibody revealed

MOL. CELL. BIOL.



RESCUE OF MUTANT NF1 817

NFl-GRD Lys1423

51 ,AG3A

NNN 3

TRANSFORMATiON
In Ira 1 CELLS

HEAT SHOCK
(30 min at 530C)

Heat shock
resistant

Heat shock
senslilve

Functional Nonfunctional

K R,E,D,Q,
G, C, S, T, Y,
A, L, P, V, F, I,

M*, N*, H*, W*

FIG. 2. Strategy used for the search of functional residues at
position 1423. See Materials and Methods for details. Plasmid DNAs
from approximately 60 clones were sequenced. Methionine, aspar-
agine, histidine, and tryptophan mutations, not found during the
screening, were created in vitro, and their functionality was assayed
by heat shock treatment.

that the levels of K1423Q and K1423E proteins were com-
parable to that of the wild-type protein (data not shown).
The lack of complementation by these NF1 mutants is in

striking contrast to the effect of changing other residues
which are also conserved in the GRD. Residues within the
stretch of amino acids FLR...PA were changed by site-
directed mutagenesis and tested for the ability to comple-
ment the heat shock sensitivity of an iral mutant. As shown
in Fig. 1B, a construct with phenylalanine 1389 changed to
histidine as well as a construct with alanine 1396 changed to
glycine still complemented the heat shock sensitivity of the
iral mutant. In fact, most amino acid changes of the con-
served residues within this stretch did not affect their ability
to complement the iral mutant (data not shown) when a
strong promoter, the yeast glyceraldehyde 3-phosphate de-
hydrogenase promoter, was used for the expression of these
mutant constructs.
Random mutagenesis of lysine 1423. Using the assay de-

scribed above, we carried out random mutagenesis of lysine
1423. The experimental scheme is outlined in Fig. 2. Briefly,
oligonucleotides with random sequences at the lysine 1423
codon were used to prepare an NF1 plasmid library. The
library was transformed into iral cells, and the transfor-
mants were separated into two groups, a heat shock-sensi-
tive group and a heat shock-resistant group. The heat
shock-sensitive group contains nonfunctional NF1, whereas
the heat shock-resistant group contains functional NFl.
Heat shock-resistant transformants were further tested by
another cycle of heat shock treatment. In addition, treatment
with 5-fluoro-orotic acid was carried out to confirm that the
complementation was due to the presence of the plasmids.
Plasmid DNAs from these groups were recovered, and their
sequences were determined. This resulted in the detection of
16 different amino acids. Four mutant constructs which were

TABLE 1. Biochemical properties of NF1-GRD proteins mutated
at conserved residues

NF1 protein GAP activity Affinity(nM)a (Kd, nM)b
Wild type 1.3 40
K1423Q 520 >5,000
K1423E >1,000 >5,000
K1423S 850 >5,000
K1423R 160 >5,000
F1389H 16.3 500
A1396G 5.5 140

a Concentration of GST-NF1-GRD required for hydrolysis of 50% of the
bound GTP in 15 min. GAP assays were carried out as described in Materials
and Methods for 15 min, using increasing concentrations of NFl. The intrinsic
GTPase of H-ras was subtracted, and the concentration of NF1 required for
hydrolysis of 50% of the bound GTP was determined graphically (see Fig. 4
for an example).

b Concentration of competitor (H-ras-GMP-PCP) necessary for 50% inhi-
bition of NF1 activity.

not found through this process, methionine, histidine, aspar-
agine, and tryptophan, were made in vitro, and their abilities
to suppress the heat shock sensitivity of the iral mutant
were examined. The results of these experiments are sum-
marized in Fig. 2. It is clear that lysine is the only amino acid
that produced a functional NFl.

Quantitative comparison of the biochemical activities of
lysine 1423 mutant proteins. To quantitate the GAP activities
of various lysine 1423 mutant proteins, the proteins were
fused with GST and purified after their expression in E. coli.
Their GAP activities against H-ras protein are summarized
in Table 1. Although all these mutant proteins exhibited
greatly reduced GAP activity compared with the wild-type
protein, significant differences were still observed. The GAP
activity of the arginine mutant was reduced the least (125-
fold compared with the wild-type protein), whereas that of
the glutamic acid mutant was reduced the most. The GAP
activities of the glutamine and serine mutants were between
these two values.
We observed a correlation between the decrease in the

GAP activities of these mutant proteins and a decrease in
their affinities for Ras proteins. Ras affinity was determined
by addition of Ras protein complexed with a nonhydrolyz-
able GTP analog to the reaction. This complex acts as a
competitive inhibitor with a Ki identical to the Kd of the GAP
reaction (see Materials and Methods). As shown in Table 1,
the Ras affinities of all of these mutants were more than
100-fold lower than that of wild-type NFl. Because of the
limitation for the highest concentration of competitor added,
a minimum Kd value is presented here.

In contrast to the mutants of lysine 1423, the mutants of
FLR...PA still retained a significant level of GAP activity.
As shown in Table 1, these mutant NFls had GAP activities
and Ras affinities 4- to 12-fold lower than those of the
wild-type protein, consistent with the yeast complementa-
tion results.

Detection of a second site mutation at residue 1434 which
rescues defective NFl. In the course of the analyses of amino
acid changes at lysine 1423, we noticed that there were
second site suppressors included within the functional
group. These suppressors still contained mutations at lysine
1423 but had an additional mutation. We identified three
such suppressors: K1423S/F1434S (changes of lysine 1423 to
serine and phenylalanine 1434 to serine), K1423V/F1434S,
and K1423G/F1434L. It is interesting to note that all three
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FIG. 3. Rescue of lysine 1423 substitutions by mutations at

phenylalanine 1434. iral yeast cells (KT27-2D) were transformed
with plasmids containing the indicated NF1-GRD constructs and
tested for the ability to survive a heat shock treatment (30 min at
53°C) as described for Fig. 1. WT, wild type.

suppressors contain an additional mutation at residue 1434.
The additional mutations are likely to be caused by the PCR
used during the library construction. Complementation of
the heat shock sensitivity of the iral mutant by two of these
suppressors is shown in Fig. 3. As can be seen, the K1423S
single-mutant construct was incapable of complementing the
heat shock sensitivity of the iral mutant, whereas the
K1423S/F1434S double-mutant construct provided comple-
mentation. Similarly, we observed no complementation with
K1423G, whereas K1423G/F1434L complemented the heat
shock sensitivity of the iral mutant.
To understand the biochemical basis of this second site

suppression, we compared GAP activities of the single- and
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FIG. 4. Comparison of GAP activities of various NFl single- and
double-mutant proteins. GAP assays were performed as described
in Materials and Methods for 15 min with the indicated NF1
proteins. The amount of GTP remaining on H-ras in a control with
no NF1 was taken as the reference (100%). WT, wild type.
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FIG. 5. Affinities of NF1-GRD single-mutant (K1423R) and dou-
ble-mutant (K1423R/F1434S) proteins for H-ras. The assays were
performed as described in Materials and Methods. The concentra-
tions of NF1 proteins were chosen according to their relative
activities to allow no more than 30% of GTP hydrolysis. Under this
condition, the percentage of GTP hydrolyzed in 15 min stays linearly
proportional to the concentration of active NF1 protein in solution.
Concentrations of NF1 protein used are as follows: wild-type NF1
(WT), 0.7 nM; K1423R, 90 nM; and K1423R/F1434S, 15 nM. H-ras
complexed with GMP-PCP was added to the reaction at the indi-
cated concentrations, and the inhibition of NF1-GAP activity was
monitored.

double-mutant proteins. Wild-type NF1 as well as K1423S
and K1423S/F1434S were fused with GST and purified after
their expression in E. coli. Their GAP activities against
H-Ras protein were compared. Results are shown in Fig. 4A.
The K1423S mutation resulted in an approximately 600-fold
reduction in the GAP activity of the wild-type protein. The
additional F1434S mutation increased the GAP activity
approximately 13-fold. Thus, the second site mutation re-
sults in partial restoration of the GAP activity of NFl.
Similar results were obtained when another set of mutants
was examined (Fig. 4B). Mutation of lysine 1423 to arginine
resulted in a 125-fold decrease in GAP activity. Introducing
an additional mutation of phenylalanine 1434 to serine re-
sulted in an approximately 6-fold increase of GAP activity,
so that the GAP activity of the double mutant was about
20-fold lower than that of the wild-type protein. Although the
GAP activity is not fully restored to the wild-type level, this
is nonetheless sufficient for the complementation of the heat
shock sensitivity of iral mutant cells (see Discussion).
Ras affinities of these mutant proteins were also examined,

using H-Ras protein complexed with GMP-PCP. Figure 5
shows the results obtained with K1423R and K1423R/
F1434S. The Ras affinity of the K1423R protein was greatly
reduced compared with that of the wild-type protein. This
decreased affinity was not rescued by the additional muta-
tion at phenylalanine 1434. Similar results were obtained
with the K1423S/F1434S double-mutant protein (data not
shown). These results suggest that the mutations at phenyl-
alanine 1434 affect GAP activity rather than Ras affinity.

Mutations at phenylalanine 1434 suppress activated R4S2
phenotypes. Next we examined whether mutations at residue
1434 affect the function of wild-type NFl. Phenylalanine
1434 was changed to serine by in vitro mutagenesis, and the
resulting NF1-GRD construct was transformed into yeast
cells expressing the wild-type RAS2 gene. F1434S transfor-
mants grew more slowly than the transformants with wild-
type NF1 (Fig. 6A). Thus, the expression of F1434S protein
is growth inhibitory.

B
K1423R1F1434S

AWT / IK1423R
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FIG. 6. Biological effects of the F1434S mutation. (A) Growth

inhibition on a yeast strain containing a wild-type RAS2 gene. Yeast
strain KT27-2D was transformed with the indicated plasmids, and
the transformants were directly plated on uracil-deficient synthetic
complete medium plates and allowed to grow for 3 days. WT, wild
type. (B) Suppression of the RAS2vaIl9-activated phenotype. Yeast
strain TK161-R2-V containing an activated RAS2 gene (RAS2VaI-l9)
was transformed with various NFl constructs and heat shock
treated as described for Fig. 1.

Yeast cells expressing the RAS2val-il9 gene exhibit acti-
vated ras phenotypes which include heat shock sensitiv-
ity. Interestingly, the NF1-F1434S mutation can suppress
the activated phenotype of RAS2val-l9 cells (Fig. 6B).
RAS2val-l9 cells transformed with the wild-type NF1 con-

struct or the vector pKT10 failed to survive a 15-min
treatment at 53°C. In contrast, RAS2val-19 cells transformed
with the F1434S construct survived 30 min of the treatment.
Although this NF1 mutant shows a growth-inhibitory effect
on wild-type cells, no significant inhibition of growth was

seen with RAS2Val-19 cells.
Effects of the mutations at phenylalanine 1434 on GAP

activity and Ras affinity were examined after purification of
the F1434S mutant protein. No significant difference of GAP
activity was detected between the wild-type and F1434S
mutant proteins. Furthermore, the two proteins showed
similar affinities for the wild-type H-ras protein (data not
shown). We also examined GAP activity and affinity for
RAS2val-19 protein. Figure 7A shows the results of the GAP
activity on RAS2va- protein. As can be seen, no signifi-
cant stimulation of the low intrinsic GTPase activity of
RAS2Va-19 protein was detected when either wild-type or

mutant NF1 protein was added. In addition, no significant
difference of affinity for RAS2va1-19 protein was observed
between the two NF1 proteins (Fig. 7B). Thus, the K1434S
mutation does not affect NF1-Ras interaction in vitro.

DISCUSSION

Significance of lysine 1423 for the function of NFl. The
mutations found at lysine 1423 in a neurofibromatosis type I
patient are of particular interest since they occur in a region
responsible for the GAP activity of NFl. Our results with
NF1-GRD constructs show that the alteration of this residue
to glutamic acid or to glutamine results in a dramatic
decrease of the GAP activity. Furthermore, Ras affinity is
drastically affected by the mutations. These results are in
contrast to the results obtained by mutating residues in the
FLR...PA sequence. Although this sequence is perfectly
conserved in all Ras-GAP proteins, alterations of these
residues resulted in only a modest effect on GAP activity as

well as on Ras affinity. This finding suggests that conserved
residues within the GRD are important for the function of
NF1 and that lysine 1423 plays a more critical role than the
FLR...PA residues in GAP activity and Ras interaction.
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FIG. 7. Effect of F1434S on RAS2vaI-9. (A) GAP activity. The
assay was carried out as described in Materials and Methods, using
RAS2Val-l9-GTP as a substrate. No NF1 (control) or the indicated
NF1 proteins (73 nM) were used for the assay. The radioactivity
remaining on RAS2 was determined by using nitrocellulose filters.
WT, wild type. (B) Comparison of affinities of wild-type NFl (WT)
and F1434S for RAS2VaIl9-GTP. The competition assay was per-

formed essentially as described for Fig. 5 except that RAS2Val9-
GTP was used as a competitor. The concentration of the wild type
and of F1434S was 0.7 nM.

These results confirm and expand previous findings on the
significance of conserved residues in the GRD (6, 8). How-
ever, our results differ from those of Li et al. (8), who
reported that the lysine residue is important for GAP activity
but not for Ras affinity. The reason for the discrepancy
between our Ras affinity results and theirs is unclear. It has
also been suggested that the lysine residue is important for
the stability of the NF1 protein (19). This does not appear to
be the case for the glutamine and glutamic acid changes.

Further insights into the importance of lysine 1423 for the
function of NF1 were obtained by changing it to all 20
possible amino acids. Our results clearly show that the lysine
is the only residue that can function at this position in our

assays. Methionine was not detected as a functional substi-
tution. This may be due to the instability of the methionine
substitution (19), although we detected the protein by West-
ern blotting (unpublished data). The strong specificity for a

particular amino acid at this position is reminiscent of
glycine 12 in Ras proteins. Substitution of glycine by any
other amino acid (with the exception of proline) resulted in
oncogenic activation of Ras protein (16). One of the reasons

A
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FIG. 8. Sequences of residues around phenylalanine 1434 for the
six known Ras-GAPs (2, 5, 18). Alignment shows conservation of
lysine 1423 and phenylalanine 1434 among NF1, IRA, and p120-
GAP proteins. Sarl (18) and Gapl (5) correspond to S. pombe and
Drosophila gene products, respectively.

for the requirement of lysine at residue 1423 of NF1 is likely
its basicity because, among different substitutions, arginine
gave the highest GAP activity. However, the basicity is not
sufficient, since the arginine mutant still has reduced GAP
activity and Ras affinity compared with the wild-type pro-
tein. Lysine may be required for the correct interaction with
the corresponding residues in Ras.

Mutations of phenylalanine 1434 partially restore NF1
function. Defective NF1 proteins due to the alterations at
lysine 1423 can be partially rescued by having an additional
mutation at phenylalanine 1434. The second site suppressors
were picked up because of their ability to complement the
heat shock sensitivity of iral mutant cells. The GAP activity
of the suppressors is increased approximately 10-fold com-
pared with the single lysine mutants. Although this activity is
still about 40-fold lower than that of the wild type, this level
of GAP activity is sufficient to complement the iral mutant.
Using NF1-GRDs with various levels of GAP activity, we
find that the complementation occurs as long as the GAP
activity is decreased by less than 80-fold (unpublished ob-
servation). We did not detect an increase of Ras affinity in
the suppressors, which suggests that the mutations at phe-
nylalanine 1434 affect catalytic activity rather than Ras
affinity. This might suggest that lysine 1423 and phenylala-
nine 1434 serve distinct functions in NFl.

It is striking that all three suppressors had a mutation at
the same residue. Since an alteration of phenylalanine to
either serine or leucine restores NF1 function, it appears that
the suppression does not depend on the presence of a

particular amino acid at residue 1434. Furthermore, a change
of phenylalanine to serine at residue 1434 can suppress the
effects of both lysine-to-serine and lysine-to-glycine changes
at 1423. As shown in Fig. 8, one can observe the conserva-
tion of the phenylalanine 1434 among GAP, NF1, and IRA
proteins. However, this residue is not conserved in S.
pombe Sarl and Drosophila Gapl proteins. It will be inter-
esting to further characterize the properties of these pro-
teins.

Mutations at phenylalanine 1434 can suppress activated ras

phenotypes. Surprisingly, when a mutation at phenylalanine
1434 was introduced into a wild-type NF1, the resulting
protein was capable of suppressing the heat shock sensitivity
of RAS2Val-19 cells. In fact, the same mutation was also
identified by Nakafuku et al. (12) as a mutation which
rendered NF1 capable of suppressing activated yeast RAS2
phenotypes. They identified two such residues, one of which
was a phenylalanine-to-leucine change at residue 1434. It is
intriguing that the same mutation was identified by two
different methods. These authors further found that expres-
sion of the mutant NF1 construct in ras-transformed mam-
malian cells induced morphological reversion of these cells.

Thus, the phenylalanine mutant proteins exhibit antionco-
genic properties.
To gain insights into the mechanism of suppression of

activated ras phenotypes, the F1434S mutant protein was
purified and characterized. No significant increase of the
GAP activity against H-ras protein was detected. Presum-
ably, mutations of phenylalanine 1434 do not affect GAP
activity when the protein already has full activity. Further-
more, the mutant protein failed to stimulate GTPase activity
of RAS2Val19 protein. Therefore, an increase in GAP activ-
ity appears not to be the mechanism for the antioncogenic
property of the NF1 mutant protein. An alternative possibil-
ity is that the mutant NF1 protein has an increased affinity
for the activated Ras protein, interfering with its binding to
the effector. However, no significant increase in Ras affinity
was detected with the mutant protein (Fig. 7B). These
observations lead us to suggest that the mutant NF1 protein
influences ras-activated phenotypes by a mechanism not
involving NFl-Ras interaction. Although various proteins
could affect NF1 activity in vivo, one obvious possibility is
that the mutant NF1 protein directly interacts with the
effector protein, adenylate cyclase in this case. In fact, such
an interaction has been reported by Mitts et al. (11), who
showed that adenylate cyclase is anchored to the membrane
through the interaction with IRA proteins (11). The mutant
NF1 protein might interfere with the interaction of these
molecules, resulting in the mislocalization of the cyclase to
the cytosol. Alternatively, the mutant protein could disrupt a
ternary complex consisting of IRA, Ras, and adenylate
cyclase. These possibilities are being investigated.
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