
m^m^sm^m^m'IC^^TH^^^^^W^'^^^P^^^^wmrm, <&0%g®m$^&s \^<m?$%m* 

was compensated electronically, thus reducing the 
maximum error of the voltage clamp to approximate­
ly 10 mV for the largest currents recorded (~10 nA). 
The intracellular solution contained 120 mM K-gluta-
mate, 20 mM KCI, 10 mM Hepes, 0.02 to 0.03 mM 
Calcium Green (Molecular Probes, Eugene, OR), 10 
mM Na+, 5.5 mM total Mg, and 0.2,1, or 5 mM ATP 
(Na+ and Mg2+ concentrations were held constant 
with Na+ or Mg2 + salts of ATP; pipette pH adjusted 
to 7.2 with KOH). Calcium Green was replaced with 
EGTA when NADH fluorescence was measured. In 
some experiments, 1 mM caged ATP or 1 mM caged 
ADP were added to the pipette solution and photo-
lyzed with a xenon flash lamp. A continuous xenon 
arc lamp was used to provide excitation light (485 
nm) for Calcium Green; fluorescence emission (530 
nm) was detected with a photomultipliertube. NADH 
fluorescence was measured at 460 nm in myocytes 
illuminated with 350 nm ultraviolet light. Membrane 
ionic currents and fluorescence signals were ac­
quired by a digital interface controlled by a personal 
computer and customized software. Experiments 
were done in accordance with institutional guidelines 
regarding the care and use of animals. 
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and many converge on the MAP kinase 
cascade, a module consisting of MAPKK 
(also known as MAPK or ERK kinase, or as 
MEK), mitogen-activated protein kinase 
(MAPK, also known as extracellular signal-
regulated kinase or ERK), and pp90 ribo-
somal protein S6 kinase (pp90rsk). These 
kinases form three successive tiers of a cas­
cade in which MAPKK phosphorylates and 
activates MAPK, and MAPK phosphoryl­
ates and activates pp90rsk (I, 2). 

Cellular forms of several viral oncogenes 
are found as signaling components upstream 
and downstream of the MAP kinase cas­
cade, which suggests that the pathway me­
diates cell transformation. Proto-oncogene 
products upstream of the cascade include 

Transformation of Mammalian Cells by 
Constitutively Active MAP Kinase Kinase 
Sam J. Mansour, Wayne T. Matten, April S. Hermann, 

Julian M. Candia, Sing Rong, Kenji Fukasawa, 
George F. Vande Woude, Natalie G. Ahn* 

Mitogen-activated protein (MAP) kinase kinase (MAPKK) activates MAP kinase in a signal 
transduction pathway that mediates cellular responses to growth and differentiation 
factors. Oncogenes such as ras, src, raf, and mos have been proposed to transform cells 
by prolonging the activated state of MAPKK and of components downstream in the 
signaling pathway. To test this hypothesis, constitutively active MAPKK mutants were 
designed that had basal activities up to 400 times greater than that of the unphospho-
rylated wild-type kinase. Expression of these mutants in mammalian cells activated 
AP-1-regulated transcription. The cells formed transformed foci, grew efficiently in soft 
agar, and were highly tumorigenic in nude mice. These findings indicate that constitutive 
activation of MAPKK is sufficient to promote cell transformation. 
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receptor tyrosine kinases, c-Src, Ras, and 
the G,, subunit of heterotrimeric G pro- 
teins (3). In addition, the proto-oncogene 
protein kinases Raf-1 and c-Mos phosphor- 
ylate and activate MAPKK (4, 5). Proto- 
oncogene products downstream of the MAP 
kinase cascade include the transcription 
factors c-Jun, c-Fos, c-Myc, and c-Myb, 
which are substrates for phosphorylation by 
MAPK or pp90"k (6). After cell stimula- 
tion, both MAPK and pp90nk translocate to 
the nucleus (7) where they are believed to 
regulate gene transcription (6, 8, 9). 

Activation of the MAP kinase cascade 
appears to be necessary for cell growth. 
Growth factor-regulated gene transcription 
and cell proliferation are blocked in mam- 
malian cells by expression or.microinjection 
of dominantly interfering mutants of 
MAPK or of antisense RNA complementa- 
ry to MAPK transcripts (10, 11). These 
studies indicate that MAPKK and MAPK 
are necessary components, but the sufficien- 
cy of the MAP kinase cascade as a regulator 
of cell growth remains unproven. In partic- 
ular, oncogenic forms of MAPKK and 
MAPK have never been found, which sug- 
gests that deregulation of alternate signal- 
ing pathways may be required for cell trans- 
formation. 

We designed constitutively active mu- 
tants of MAPKK with basal activities up to 
several hundred times greater than that of 
the wild-type enzyme. Activation of 
MAPKK by Raf-1 or v-Mos occurred 
through the phosphorylation of two key 
regulatory sites, Se?18 and Se?22 (Fig. 1A) 
(1 2). After substituting glutamic or aspartic 
acid for Se?18 or SerzZ2, the basal activity of 
MAPKK increased to four or eight times 
that of unphosphorylated wild-type enzyme, 
respectively (Fig. 1B). MAPKK incorporat- 
ing both substitutions showed basal activity 
that was 85 times greater, thus demonstrat- 
ing a synergistic effect (Fig. 1 B). 

A second gain-of-function mutation was 
identified by truncation of residues outside 
the kinase catalytic core. The NH,-termi- 
nal region of MAPKK is predominantly hy- 
drophilic and is rich in residues with a high 
propensity for a-helical folding (1 3). Delet- 
ing a predicted a helix encompassing resi- 
dues 32 to 51 (Fig. 1A) resulted in a mu- 
tant, MAPKK(AN3), with basal activity 45 
times greater than that of the wild-type 
enzyme (Fig. 1B). In contrast, the basal 
activities of two mutants with deletions 
spanning residues 1 to 32 (AN1) and 1 to 
52 (AN2) were one-tenth that of the wild- 
type enzyme (1 4). Thus, residues 32 to 51 
appear to stabilize the inactive state of 
MAPKK. This predicted a helix aligns with 
an a-helical motif, the A helix, that is 
found in several protein kinases, including 
cyclic adenosine 3',5'-monophosphate 
(CAMP)-dependent protein kinase, casein 

kinase 11, Src, Yes, Abl, Lck, the insulin implicate this motif in regulation of protein 
receptor, and the platelet-derived growth kinase activity. 
factor receptor (Fig. 1A) (15). Our results Combining the AN3 deletion with the 

A K97 2 1 8  Sm I \t' 

Fg. 1. Charactwbtion of c o n s t i i  active WKK mutants. (A) Representat'ion of the W K K  fusion 
protein showing mutated residues. Residues 32 to 51 encompassing the AN3 deletion are aligned with the 
A-hek motif of mouse cAMPdependesn protein ldnase (15, 19). (B) Basal activities of bacterially expressed 
MAPKK proteins (29) were measured as the in'W rates of phosphorylation of catalytically inactive rat 
ERK2(K52R) (19, 30). MAPKK (20 ng) and ERK2(K52R) (800 ng) were incubated at 30°C in buffer A 
[lo mM Hepes (pH 7.4), 10 mM MgCI,, 1 mM dithiothreitol, 0.1 mM adenosine triphosphate (ATP), 
and [Y-~~PJATP (3000 cpm/pmol)] in a final volume of 20 pl. Reactions were terminated at various 
times by addition of Laemmli sample buffer. Proteins were separated by SDSpolyacrylamide gel 
electrophoresis (PAGE), and 32P incorporation into ERW(K52R) was quantii with a Phosphorlrnager. 
The basal activity of wild-type MAPKK was 0.4 nmol min-I rng-l. Each rate measurement represents the 
slope through three time points. Epetirnents were performed twice with similar results. (C) Activation of ERK2 
by MAPKK mutants was normalized to the activatii by wild-type MAPKK. Wild-type rat ERK2 (30) was 
preincubated with MAPIO< for 20 rnin in bufer A, after which 10 llg of the ERK2 substrate, rnyelin basic 
protein, was added to the mixture. Reactions were tminated after an additional 10 rnin and 32P incopciatiin 
into myelin basic protein was quantified as in (B). 

Fig. 2 Actbation of wild- A 
type and mutant MAPKK 

B si 
CV N 

by v-Mos. MKK indiites 

BrI 

$j u n z  
full-length and triJncated gg q gz: 
WKK. (A)5meCOur~e = E ~ ~ ~ ~ . , ~ ~ ~  
of ~ ~ ~ a c t i i t i o n b y v -  $; 5 ~ 2 ~ 2 5 5 5 7  
Mos. Swiss 3T3 ceWs -= 
transformed with v-mos ; 5 
(dl line Tx-7) (31 ) were g ", 
grown to conffuenoe and " 
treated with ph~rbd 12- OO 50 1 2  3 4 5 6 i 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 i 1 8  

myistate 13-acetate (0.1 Time (min) 
fl) for 10 rnin at 37°C. CeHs were diipted in 50 mM p-glycerophosphate @H 7.4), 0.25 mM N%Vo4, 1.5 
mM ETA, apmtinin (10 pglml), leupeptin (1 0 pglml), peptatin (2 pglml), 1 mM benzamiiine, and 1 %Triton 
X-100 and cbrified by centrifugation. The v-Mos protein was immunoprecipitated with a polyclonal 
antibody to Mos (residues 6 to 24) (32) bound to protein A-Sepharose resin. Kinase reactions (50 pl) 
were done by incubating the resin-bound v-Mos with MAPKK (0.3 pg) in buffer A at 30°C. At various 
times, the resin was sedimented by centrifugation and 35 pI of the supernatant (containing activated 
MAPKK) was added to 5 pl of ERK2(K52R) (0.5 mg/ml) and incubated for 5 rnin before termination 
and separation by SDS-PAGE. (B) Activation of wild-type and mutant MAPKK by v-Mos. Kinase 
reactions were carried out as in (A), except that MAPKK was incubated for 15 rnin in the presence (+) 
or absence (-) of v-Mos immunoprecipitates, after which supernatants containing MAPKK were 
removed and incubated with ERK2(K52R) for 15 min. 
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Fig. 3. Functional activity of A F? 6 
MAPKK expressed in 293 cells. (A) N N 

z 
N 

cn N 

Comparison of MAPKK expression. R M gad o z  
The 293 cells were transfected with - Mr; 2 E z  
constructs encoding HA-tagged - b rF?kk,Xz g O z@,zx 

orur;===z MAPKK (33). Cells were lysed 44 kD ? 6 5 5 5 rn 3 5 a 

hours after transfection, and ex- 
pressed MAPKK in 25 w of soluble 
extract was examined in duplicate 
by protein irnrnunoblotting with 29. 29 
monoclonal antibody 12CA5 1 2 3 4 5 6 7 8  
(BabCo), which recognizes the HA tag. The upper and - 
lower arrows indicate full-length and truncated MAPKK, 2501W) 
respectively. Antibody 12CA5 also recognizes a 47-kD 7; 
protein that is unrelated to MAPKK and is apparent in - 
the vector control. (6) Activity of MAPKK mutants ex- $ 1 5 ~ ~ )  
pressed in 293 cells. HA-tagged MAPKK was immuno- s 
precipitated from 50 pg of soluble extract with 12CA5 
and was used to phosphorylate ERK2(K52R) (1.2 pg) in 5 5000 
buffer A for 12 min at 30°C (final volume, 40 PI). Arrow 
indicates ERK2(K52R). MAPKK mutants in lanes 4 

O s ~ g ~ ~ ~ ~  - through 8, respectively, exhibited 12, 78, 46, 11 6, and S Y -  "4 N * 
W 

* 
176 times the basal activity of wild-type MAPKK (lane a u - L - 
2). MAPKK(K97M) (lane 3) is catalytically inactive. cd c: - m 
Eauivalent results were obtained in three transfection s: 

5? 
d 

exberiments. (C) Activation of AP-1 in cells expressing I 

MAPKK. Cells were transfected with MAPKK constructs and an AP-1-regulated CAT reporter construct 
(32). CAT activity was measured in cell extracts as counts per minute of [14C]-butyryl coenzyme A 
(Dupont Biotechnology Systems) transferred to chlorarnphenicol in 30 min. Extracts containing 1 pg of 
protein were used in each assay. 

phosphorylation site substitutions en- 
hanced basal MAPKK activity up to 410 
times that of the wild-type enzyme (Fig. 
1B). These MAPKK mutants stimulated 
wild-type MAPKs ability to phosphorylate 

Table 1. Focus formation and growth in soft agar 
of NIH 3T3 cells transfected with MAPKK. NIH 
3T3 cells were stably transfected with each 
pMM9-MAPKK construct (20) or with v-mos (22) 
together with pSV2neo (~lontech) as described 
I27 and arown in the Dresence of aeneticin 
(&I 8) (o.img/rnl) for 4 weeks. For focus forma- 
tion assays, 2.0 x lo5 cells were plated in tripli- 
cate onto 60-mm dishes, and after 16 days the 
number of foci on each dish were counted. For 
assays of anchorage-independent growth, 7.8 x 
104 cells were plated in soft agar onto two 60 
mm-dishes. After 16 days, colonies with more 
than 20 cells were scoredas positive. Values rep- 
resent averages and standard deviations of colo- 
ny formationnormalied to total cell number within 
12 randomly selected fields of view. 

Percent of 
Focus cells 

Transfection formation forming 
(foci oer colonies 
' dish) (out of total 

cells) 

V-mas 352255  2.32 1.2 
pSV2neo control 0 0 
Wild-type MAPKK + tag 0 0 
Wild-type MAPKK - tag 0 0 
MAPKK(K97M) + tag 0 0 
MAPKK(K97M) - tag 0 0 
MAPKK(AN3-S222D) + 11 + 4 3.3 + 1.8 

tag 
MAPKK(AN3-S222D) - 138 + 30 7.9 + 3.1 

tag 

968 

myelin basic protein (Fig. lC), which indi- 
cates that they phosphorylated the physio- 
logical regulatory sites on MAPK (16). 
Mass spectrometric analysis confirmed that 
MAPK (ERK2) was phosphorylated on 
Thrla3 and Tyrla5 (1 7). 

We characterized the susceptibility of 
the constitutively active mutants to further 
activation by an upstream kinase, v-Mos, 
which, like Raf-1 and MEK kinase, may 
activate MAPKK by direct phosphorylation 
(4, 5, 18). The v-Mos phosphorylated and 
activated wild-type MAPKK (Fig. 2, A and 
B) and phosphorylated but did not activate 
the catalytically inactive MAPKK(K97M) 
(1 9) (Fig. 2B). Activation of the mutants 
MAPKK(S2 18E) (1 9) or MAPKK(S222D) 
(1 9) by v-Mos was comparable to that of 
wild-type MAPKK (Fig. 2B), which sug- 
gests full stimulation ofeach MAPKK mi- 
tant upon phosphorylation of the nonmu- 
tated serine residues; v-Mos had no effect 
on the activity of MAPKK(S218E-S222D). 
The MAPKK(AN3) deletion mutant was 
activated by v-Mos to a level matching that 
seen with the active, phosphorylated wild- 
type enzyme, and the activities of the com- 
pound mutants MAPKK(AN3-S218E). 
MAPKK(AN3S222D), and MAPKK(AN3- 
S218ES222D) were little affected by v-Mos. 

In order to monitor their effects in intact 
cells, the MAPKK mutants were expressed 
in human kidney 293 cells under control of 
the cytomegalovirus (CMV) promoter. The 
amounts of exogenously expressed MAPKK 
protein were comparable, as judged from 
protein immunoblots of cell extracts (Fig. 
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Fig. 4. Morphological transformation of NIH 3T3 
cells. NIH/3T3 cells were stably transfected with 
(A) v-mos, (B) control selection vector, (C) HA- 
tagged MAPKK(AN3-S222D), (D) untagged 
MAPKK(AN3-S222D), (E) HA-tagged wild-type 
MAPKK, (F) untagged wild-type MAPKK, (G) 
HA-tagged catalytically inactive MAPKK(K97M), 
and (H) untagged MAPKK(K97M) (20,22). Cells 
were seeded in 60-mm plates at a density of 2 x 
1 O5 cells per plate and grown for 12 days in 10% 
fetal bovine serum-DMEM. Foci were appar- 
ent in cells expressing (I) v-mos and (J) un- 
tagged MAPKK(AN3-S222D) and HA-tagged 
MAPKK(AN3-S222D) cells. 

3A). The basal activities of the constitu- 
tively active mutants were increased com- 
pared with that of the wild-type enzyme 
(Fig. 3B), correlating with the correspond- 
ing basal activities of bacterially expressed 
proteins (Fig. 1B). Because the transcrip- 
tion factor complex AP-1 is regulated by 
pathways that include MAPK (9, 1 I ) ,  we 
examined AP-1 activation by the MAPKK 
mutants using a reporter construct that di- 
rects wanscription of chloramphenicol 
acetyltransferase (CAT). The amount of 
CAT expression (Fig. 3C) correlated with 
the activity of each mutant measured in 
vitro (Fig. 3B), demonstrating that the con- 
stitutively active MAPKK mutants were 
able to activate downstream signaling tar- 
gets in intact cells. 

Expression of constitutively active 
MAPKK led to morphological wansforma- 
tion of mammalian cells. NIH 3T3 cells 
were stably transfected with vectors encod- 
ing wild-type MAPKK, catalytically inac- 



Table 2. Growth in nude mice of NIH/3T3 cells stably transfected with MAPKK. NIH 3T3 cells were 
transfected with pMM9-MAPKK (20) or with control vectors as in Table 1. Transfected cells selected for 
G418 resistance (1 x 1 06) were injected subcutaneously into the backs of weanling athymic nude mice 
as described (21 ). Tumor formation was monitored for up to 6 weeks. Mice in which tumors exceeded 20 
mm in mean diameter were killed. 

Experi Tumor diameter (mm) Number of mice 
with tumors 

Transfection ment comrsared with 
no. 1 1 days 17 days nhnber of 

24 days injected mice 

v-mos 

pSV2neo control 

Wild-type MAPKK + tag 

Wild-type MAPKK - tag 

MAPKK(K97M) + tag 

MAPKK(K97M) - tag 

MAPKK(AN3-S222D) + tag 

MAPKK(AN3-S222D) - tag 

ND* 
23.5 i 2.1 t 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

24.5 2 2.8 
20.8 + 2.5 
19.3 + 1.2 
18.7 i 6.3 

'Not determined. An~mals were killed before this t~me point. ?Because one mouse was killed before this tlme point, 
data reflects n = 2. $After 42 days, none of the mlce had formed tumors. §After 38 days, one mouse had formed 
an 8.5-mm tumor and two mlce had no tumors. /After 38 days, one mouse had formed a 6-mm tumor and two mice 
had no tumors. 

tive MAPKK(K97M), or constitutively ac- 
tive MAPKK(AN3-S222D), under control 
of the Moloney sarcoma virus long terminal 
repeat (MSV-LTR) (20, 21). Two con- 
structs were tested with each form of 
MAPKK; one encoded MAPKK fused to an  
NH,-terminal hemagglutinin (HA)  tag and 
the other was left untagged (20). Cells 
transfected with v-mos (22) or with the 
selection vector pSV2neo were used as pos- 
itive and negative controls, respectively. 
After 3 weeks under selection, NIH 3T3 
cells overexpressing v-mos (Fig. 4A) and 
cells transfected with MAPKK(AN3- 
S222D) (Fig. 4, C and D) showed many 
hallmarks of transformation, including cell 
rounding, high saturation density, loss of 
contact inhibition, and an unorganized 
growth pattern. In contrast, cells trans- 
fected with wild-type (Fig. 4, E and F) or 
catalytically inactive MAPKK (Fig. 4, G 
and H) showed a flattened morphology and 
a cobblestonelike growth pattern resem- 
bling that of untransformed control cells 
(Fig. 4B). Foci appeared in cells overex- 
pressing v-mos (Fig. 41 and Table 1) or 
MAPKK(AN3-S222D) (Fig. 4J and Table 
1) but not in control cells transfected with 
selection vector or with wild-type or cata- 
lytically inactive MAPKK (Table 1). Foci 
numbers were reduced in cells expressing 
HA-tagged MAPKK(AN3-S222D), as com- 
pared with the untagged mutant (Table 1). 
The activity of MAPKK(AN3-S222D), 

immunoprecipitated from cell extracts, was 
55 times greater than that of wild-type 
MAPKK (23), which demonstrates that the 
morphological transformation correlated 
with enhanced kinase activity. 

NIH 3T3 cells stably transfected with 
wild-type or mutant MAPKK were com- 
pared in two other assays for cell transfor- 
mation. After cells were plated in soft agar, 
colonies were present in cells transfected 
with tagged or untagged MAPKK(AN3- 
S222D) and with v-mos but were absent in 
cells transfected with selection vector, wild- 
type MAPKK, or catalytically inactive 
MAPKK (Table 1). The tumorigenicity of 
transfected cells was also tested by direct 
injection into athymic nude mice (21). Sol- 
id tumors were observed within 2 weeks in 
mice injected with cells expressing 
MAPKK(AN3-S222D) (Table 2). In mice 
injected with cells expressing wild-type 
MAPKK or MAPKK(K97M), tumor growth 
was absent except for small tumors induced 
by wild-type MAPKK after 6 weeks (Table 
2). The appearance of tumors within 2 
weeks of injection demonstrates that the 
MAPKK(AN3-S222D) mutant is strongly 
oncogenic. 

Signal transduction pathways regulated 
by oncogenes such as ras, src, raf, and mos 
proceed through the common activation of 
MAPKK and MAPK. However, these path- 
ways may also branch into parallel kinase 
cascades. For example, the protein kinase 

JNKl (or SAPK), like MAPK, activates 
AP-1 in response to overexpression of Ras 
(24). JNKl is also regulated by phosphoryl- 
ation but appears to be activated by a pro- 
tein kinase that is distinct from MAPKK. 
Our findings indicate that although sepa- 
rate pathways diverge from Ras, constitu- 
tive activation of only one of these path- 
ways is sufficient to transform cells. 

Activation of the MAP kinase cascade is 
associated with signaling events that occur 
during the prereplicative growth ( G I )  stage 
of the cell cycle, such as transcriptional 
regulation of immediate early gene expres- 
sion (6, 8, 9) ,  and could explain how on- 
cogenes mediate the loss of growth control. 
In addition, MAPK is implicated in control 
of many G, to M transition events; for 
example, in the control of the interphase- 
metaphase transition of microtubule arrays 
(25), of cell rounding, and of chromosome 
condensation (26). These events also occur 
during interphase in transformed cells (27), 
which suggests that constitutively active 
MAPKK and MAPK mav mediate the ob- 
served nuclear and cytoskeletal reorganiza- 
tion events. 

Note added in proof: After acceptance of 
our manuscript, similar findings were re- 
ported by Cowley et al. (28). 
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Calcineurin Inhibition of Dynamin I GTPase Activity 
Coupled to Nerve Terminal Depolarization 
Jun-Ping Liu,* Alistair T. R. Sim, Phillip J. Robinson 

Dynamin I is a nerve terminal phosphoprotein with intrinsic guanosine triphosphatase 
(GTPase) activity that is required for endocytosis. Upon depolarization and synaptic 
vesicle recycling, dynamin I undergoes a rapid dephosphorylation. Dynamin I was found 
to be a specific high-affinity substrate for calcineurin in vitro. At low concentrations, 
calcineurin dephosphorylated dynamin I that had been phosphorylated by protein kinase 
C. The dephosphorylation inhibited dynamin I GTPase activity in vitro and after depo- 
larization of nerve terminals. The effect in nerve terminals was prevented by the calcineurin 
inhibitor .cyclosporin A. This suggests that in nerve terminals, calcineurin serves as a 
Ca2+-sensitive switch for depolarization-evoked synaptic vesicle recycling. 

Dynamin  I (previously called dephosphin 
or p96) was discovered as a phosphoprotein 
in nerve terminals (1,  2) and as a microtu- 
bule-binding protein with GTPase activity 
(3). Dynamin I is a family of four neural 
isoforms, dynamin I1 is a family of four 
isoforms expressed in most other tissues (4 ,  
5) ,  and dynamin 111 is an apparently testis- 
specific form (previously called dynamin-2) 
(6,  7). The GTPase activity of dynamin I is 
stimulated in vitro by microtubules (8 ,  9) ,  
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phospholipids ( l o ) ,  SH3 domain-contain- 
ing proteins (1 I ) ,  and protein kinase C-me- 
diated phosphorylation (1 2). Dynamin I is a 
good in vitro substrate of protein kinase C 
(Michaelis constant, K,, of 0.35 pM) (7), 
and in resting nerve terminals, it is phos- 
phorylated by this protein kinase (13). 
However, when synaptic vesicle recycling is 
stimulated by depolarization, dynamin I is 
dephosphorylated (2,  12, 14). Because mu- 
tations of the GTP-binding domain of dy- 
namin I expressed in mammalian cells, or of 
the related dynamin family in the Drosoph- 
ila mutant shibire, are defective in endocy- 
tosis (15-18), dynamin I and its phospho- 
rylation control mechanisms are thus 
placed in the context of nerve terminal 
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from pCEP4 (Inv~trogen), is driven by the CMV 
promoter and appends a nine-am~no ac~d  influen- 
za HA tag at the NH,-term~nus of the expressed 
prote~n [I. Wilson etal., Cell 37, 767 (1984)l. The 
pCEP4-Lerner was mod~fied to pMCL by ~ntroduc- 
tion of conven~ent restriction s~tes, and a 1.5-kb 
Bam HI to H~nd  Ill fragment from pKH-I (encoding 
wild-type MAPKK without the hexahist~dlne tag) 
was recovered and subcloned into pMCL digested 
w ~ t h  Bam HI and Hlnd Ill. The same approach was 
used to generate constructs encod~ng mutant HA- 
tagged MAPKK. We transfected the 293 cell line 
by electroporation w ~ t h  15 pg  of pMCL-MAPKK 
plasmid DNA. The effic~ency of transfection was 
>80%. For CAT assays, cells were transfected 
with the pMCL-MAPKK plasmid (15 pg) and w ~ t h  
the reporter plasmid pTE3AS-N (7.5 pg), which 
contains the CAT gene under control of 10 tandem 
repeats of the AP-1 s~te from SV40. Fresh medium 
was added to cells 24 hours after transfect~on. 
Twenty-four hours later, cell extracts were recov- 
ered and assays were done according to gu~de- 
llnes In the CAT Enzyme Assay System kit (Pro- 
mega). 
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endocytosis (12). Endocytosis is a gener- 
alized intracellular pathway for the recy- 
cling of vesicle membrane from the plas- 
ma membrane, in which recycling vesicles 
are transiently surrounded by a protein 
coat of clathrin and adaptins, then invag- 
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Fig. 1. Regulation of dynamin I GTPase activity 
in nerve terminals. Dynamin I was immunopre- 
clpitated from isolated nerve terminals with spe- 
cific antibodies and was assayed for GTPase 
activity before and after depolarizatlon for 5 s 
with 41 mM Kf In the presence of extracellular 
0.1 mM Ca2+ (blank bar), 1 mM EGTA (striped 
bar), or 1 pM cyclosporin A (filled bar). (A) Dy- 
namin I GTPase activity from the cytosolic frac- 
tion. (B) Dynamin I GTPase activity from the 
peripheral membrane fraction. Results are 
means of two experiments performed in qua- 
druplicate. The asterisks indicate P < 0.01. For 
methods, see (22). 


