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Schiff base complex shows that Wat2' is equivalent 
to Wat2*. Also in the native structure, a water mol- 
ecule is found in the identical position (within 0.5 A 
of Wat2* of the carbinolamine). WatT2 in the Schiff 
base complex could correspond to the water mole- 
cule derived from protonation of the hydroxyl group 
of the carbinolamine. 

25. Known class I structures used for comparison were 
KDPC aldolase in complex with pyruvate [Protein 
Data Bank (PDB) code lEUA] (17), human muscle 
fructose 1,6-bisphosphate aldolase (PDB code 4ALD) 
(19), rabbit muscle 1,6-bisphosphate fructose aldol- 
ase (PDB code 1ADO) (ZO), and transaldolase B (PDB 
code 1 UCW) (21). 

26. This mutant crystallized under the same conditions 
as the wild type, and the substrate soak was repeated 
as reported in Table 1. 

27. This observation was also made for the rabbit aldo- 
lase A, where the Lysl& -+ Argl& mutant retained 
the ability to form the Schiff base intermediate (43). 

28. F. H. Westheimer, D. E. Schmidt Jr., Biochemistry 10, 
1249 (1971). 

29. F. H. Westheimer, Tetrahedron 51, 3 (1995). 
30. Experimental conditions for the pH activity profile 

were as follows: 25 mM buffer solutions of sodium 
formate (pH 3.5, 3.0, and 4.0); sodium acetate (pH 
4.5, 5.0, and 5.5); MES (pH 5.5, 6.0, and 6.5); MOPS 
(pH 6.5, 7.0, and 7.5); tetraethylammonium-chloride 
(TEA-HCI) (pH 7.5, 8.0, and 8.5); CAPS0 (pH 8.5, 9.0, 
and 9.5), and CAPS (pH 10, 10.5, and 11.0). V,,, was 
measured from pH 4 to 10 in the retroaldol direction 
with 3 mM DRP in 50 mM (pH 7.5) TEA-HCI buffer in 
the presence of 0.3 mM reduced nicotinamide ade- 
nine dinucleotide (NADH) using a glyceraldehyde 
3-phosphate dehydrogenaseltriosephosphate isomer-
ase (GPDITPI)-coupled (5.3 Ulml, Sigma C-1881) 
enzyme system at 25'C by observing the rate of 
decrease of NADH concentration as monitored at 
340 nm (44). 

31. In rabbit aldolase A, the equivalent Lysl& 	 residue has 
been implicated as being involved in cleavage and 
condensation of the C3-C4 bond of fructose 1,6- 
bisphosphate (45), in addition to lowering the pK, of 
LysZZ9. 

32. 	AN solvent-accessible surface areas were calculated 
with the program MS (46)with a 1.4 A probe sphere 
and standard atomic radii (47). 

33. Experimental conditions for the Schiff base trapping 
experiment were as follows: DERA (1 mg/ml) was 
incubated with 5 mM acetaldehyde in 20 mM TEA- 
HCI, 50 mM NaCI, and 2 mM CaCI, (pH 7.4) at 22°C 
for 10 min. Fiftv mM NaBH. was added, and incuba- 
tion continuedior 12 hour; Samples were dialyzed 
against dH20 and then purified by high-performance 
liquid chromatography on a C18 column before anal- 
ysis by electrospray ionization mass spectrometry 
(with a Perkin Elmer API Ill Sciex triple quadrupole). 
Observed masses agreed within +-4 daltons to theo- 
retical values. 

34. A. 	 Heine, J. G. Luz, C.-H. Wong, I. A. Wilson, in 
preparation. 

35, J. A. Littlechild, H. C. Watson, Trends Biochem. Sci. 
18, 36 (1993). 

36. The activity of the class I aldolase from halophilic 
archaebacterium Haloarcula vallismortis was not af- 
fected by carboxypeptidase digestion (48). 
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tions Insight 2000. Setup was as described (49). The 
CVFF force field provided in the Discover module of 
Insight11 was used. 

38. C. F. Barbas Ill, thesis, Texas A&M University, College 
Station, TX (1989). 

39. Experimental conditions for deuteropropanal syn- 
thesis and the DERA exchange experiment were as 
follows: (R)-2-deuteropropanol was synthesized 
from (5)-(+)-1,2-propanediol as described in (50) 
with minor modification. 'H NMR (CDCI,, 500 
MHz): 3.62 (d, J = 6.97 Hz, ZH), 1.60 to 1.55 (m, 
lH) ,  0.91 (d, J = 7.34 Hz, 3H). 13C NMR (CDCI,, 
125 MHz): 64.58, 24.79 (t, J = 20 Hz), 9.91. 
(R)-2-deuteropropanol: [a],= +1.1 l o ,  (CDCI,, c = 

0.18); lit. +0.06", (neat). (S)-2-deuteropropanol 
was prepared analogously: [a],= -0.05" (CDCI,, 
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at  the Plasma Membrane 
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The PKB (protein kinase B, also called Akt) family of protein kinases plays a key role 
in insulin signaling, cellular survival, and transformation. PKB is activated by phos- 
phorylation on residues threonine 308, by the protein kinase PDK1, and ~errne 473, 
by a putative serine 473 kinase. Several protein binding partners for PKB have been 
identified. Here, we describe a protein partner for P K B ~termed CTMP, or carboxyl- 
terminal modulator protein, that binds specifically to the carboxyl-terminal reg- 
ulatory domain of PKBa at the plasma membrane. Binding of CTMP reduces the 
activity of PKBa by inhibiting phosphorylation on serine 473 and threonine 308. 
Moreover, CTMP expression reverts the phenotype of v-Akt-transformed cells 
examined under a number of criteria including cell morphology, growth rate, and 
in vivo tumorigenesis. These findings identify CTMP as a negative regulatory 
component of the pathway controlling PKB activity. 

PKB is a major downstream target of receptor (IGF-1) and other growth factors (1-2). Upon 
tyrosine kinases that signal via the phospha- cell stimulation, the kinase is translocated to 
tidylinositol 3-kinase (PI 3-kinase). PKB me- the plasma membrane, where it is phospho- 
diates a wide variety of biological responses rylated on two amino acids, Thr308 in the 
to insulin and insulin-like growth factor 1 catalytic domain and Ser4" in the COOH-
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terminal regulatory domain (3-8). To date, 
three proteins have been shown to physically 
interact with PKB (9-11). 

To identify new proteins that interact with 
PKB, a HeLa cell cDNA library was screened 
by yeast two-hybrid analysis, with the kinase 
domain plus the COOH-terminal regulatory do-
main of PKBa as bait. From 1.5 X lo6primary 
transformants screened, seven identical clones 
were identified. This cDNA encoded a protein 
that specifically interacted with PKBa, as dem-
onstrated by activation of the reporters for his-
tidine auxotrophy and lacZ activity [Web fig. 1, 
A and B (IZ)], and in a mammalian cell two-
hybrid assay (13). This interaction was observed 
only with constructs containing the COOH-ter-
minal regulatory domain of PKBa, encompass-
ing amino acids 411 to 480 [Web fig. 1, C and 
D (IZ)]. Sequence analysis revealed the pres-
ence of an open reading frame encoding a 
protein of 240 amino acids with a predicted 
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molecular mass of 27 kD that we termed 
COOH-terminal modulator protein, or CTMP 
(Fig. 1A). The cDNA contains the unusual 
feature of an Alu cassette at its 3' end, a 
sequence usually found in intronic DNA. Da-
tabase screening of mouse expressed se-
quence tags revealed a protein of 230 amino 
acids with a similar sequence (79% identity) 
that may be the mouse homolog of CTMP 
(Fig. 1A). The mRNA for human CTMP was 
detected predominantly in skeletal muscle, 
testis, uterus, brain, and kidney, with lower 
levels observed in heart, liver, and lung [Web 
fig. 2A (12)l. The presence of multiple bands 
after reverse transcription-polymerase chain 
reaction (RT-PCR) strongly suggestedthat the 
gene for CTMP undergoes alternate splicing 
in some tissues, generating multiple RNA 
transcripts [Web fig. 3, A and B (12)l. En-
dogenous CTMP protein was detected with an 
antibody (14) specific for human CTMP in 
extracts from HeLa and human embryonic 
kidney (HEK) 293 cells, with weaker expres-
sion found in COS-1 cells [Web fig. 2B (12)l. 
Weaker CTMP expression was seen in the 
human SJRH30 rhabdomyosarcoma cell line, 
and no signal was detected in the rat H9C2 
myocardium cell line. These data were con-
firmed by blotting with a second antibody 
against CTMP (13). CTMP migrated with 
apparent molecular masses of 22 to 26 kD in 
the different cell lines, possibly owing to post-

translational modification (see below). 
When HeLa cell extracts were subjected to 

centrihgation into cytosolic (S100) and mem-
brane (P100) fractions, endogenous CTMP was 
predominantly detected in the PlOO fraction 
[Web fig. 2C (12)]. CTMP expression was d e  
tected in a range of different human cell lines 
(19, most notably in a glioblastoma cell line 
(LN229, Fig. 1C). Again, two molecular species 
corresponding to CTMP were observed in 
LN229 cells, and these forms appeared to be 
differentially localized to the membrane and 
cytosolic fractions of these cells (Fig. ID). Im-
munofluorescence analysis demonstrated that 
endogenous PKB and CTMP colocalized at the 
plasma membrane (Fig. 1E). Endogenous com-
plexes of CTMP and PKB were also detected in 
the PlOO fraction of these cells by Western 
blotting (16). Immunolocalization of green flu-
orescent protein (GFP)-CTMP hsion protein 
indicated that CTMP associated with intracellu-
lar structures similar to membrane ruffles (Fig. 
lB), whereas staining of the GFP control protein 
was detected in all cellular compartments. 
Time-lapse cine-microscopy of moving NIH 
3T3 cells expressing GFP-CTMP revealed that 
the fusion protein was predominantly localized 
to the leading edge of the moving cells, deco-
rating the rapidly moving membrane ruffles 
[Web fig. 4 (IZ)]. 

Western blotting of lysates from a control 
cell line stably expressing CTMP indicated that 

A b c m  1 ~ ~ P ~ E P ~ P S S E . V I ~ ~ C S V P ~ ~so B pGFP PGFP-C' 
III.II I I I I I I I  I I 1 1 1 1 1 . 1 1  1 1  ..I1 

1 -. ........ * P ~ s S m K K D x w w41 

Fig. 1.Structure and local-
i s i o n  of human CTMP. 
(A) Alignment of deduced 
amino acid sequences 
from human (accession 
number AJ313515) and 
mouse CTMP. (8) NIH 3T3 
cells were 'Gansfected 
with 5 ue of exoression 

151 I~m9BtI-x-ItlXIRpI~~~QL 200 vectors fbroC~p( p k ~ ~ ,left 
:lIIIIII.II I I I I  .. I: I I I I I I I  I l : l l I I  III.:IIII 

141 V . ~ ~ T I I ~ . I S E ~ I E X K K P I p W g ~ Q L190 panel) or GFP-CTMP 

D LN229 
(pGFP-CTMP, right panel) 

201 D ~ ~ M E K T L T ~ T S W I X L U P A K S L T240 

1:lIlI I l l1 :11:11IllI.111.11III-I I I I  (29). GFP fluorescencewas then analyzed 
191 p r r m R w v s n r p s r o ~ ~ I T l u m w I l a r , p ~ ~230 

PlOO Sf00 Total in living cells using confocal microscopy 

IIB: antl-CTMP (30). The arrows indicate areas of high 
&&- 8 * (99390) fluorescence intensity at membrane ruf-

C - - - - - -- 983 Ce6 cell lines was assessed by immunopre-
fles. (C) CTMP expression inglioblastoma 

* IP: antl-CTMP cipitation followed by immunoblotting
(99390) with the same antibody against CTMP 

-P IB: anti-CTMP (99390). The positionof CTMP is indicat-
(99390) ed by an arrow. Clone H is a cell-line 

IB: anti-CTMP stably expressing Flag-CTMP (see Fig. 5). 

,c-;,(99390) Thechain.asterisk(D) DetectionrepresentsoftheendogenousIgC light 

16: anti-CTMP CTMP protein by Western blotting of 
(89570) equivalent amounts (50 pg) of cytosolic 

(SIOO), membrane (PIW) fractions (37) 
or total cell lysate (Total) from LN229 cells. (E) To determine the cellular distributionof

I endogenous PKBa and CTMP proteins, LN229cellswere fixed with 4% paraformaldehyde 
and incubatedwith PKB mAb (32), followed by stainingwith protein M G  coupledto FlTC 
(green, PKB panel), or with the polyclonalCTMPantibody 99390 followed by stainingwith 

rhodamine-conjugatedrabbit antibody (red, CTMP panel). Slides were analyzed by confocal microscopy, and the pictures represent the centralsection of the 
x-y plane. Areas of colocalization of CTMP and PKB at the membrane ruffles are visualized in yellow (merge panel) and are indicated by arrows. (F) CTMP 
from pHook2-CTMP transfededCOS-I cells (29).clone H cell extracts, or PlOO fraction from LN229 cells was detected with CTMP antibodies 99390 and 
89570 (74). 
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Fig. 2. Interaction of CTMP and PKBa in quies- A 6 S l00 PlOO 
cent cells, and phosphorylation following stim-

1
ulation. (A) Schematic diagram of recombinant I PH I Catalytic I RD 
proteins used in these experiments (33). (B) PKBa pHA-PKBa +
COS-I cells were transfected with 7.5 p gof the m/p-PKBa & PH I Catalytic I RD I 
indicated PKB expression vectors, lysed, and pHA-dp-PKBa + + 
fractionated (37). Soluble (5100) and particu- 411 480 

late (P100) fractions were analyzed by Western GST-PKB-RD rn 
blotting using the HA mAb 12CA5 (14). (C) D Sl00 

COS-1 cells were transfected with 7.5 p gof the SlOO PI00 
IB: anti-Flag -1, Flag-CTMP

indicated PKB (33) and CTMP (29) expression c +Per. +Per. 
vectors. After serum starvation (24 hours) and IB: anti-HA - T I : Y s - P K B - R D
stimulation with 100 FM pewanadate (15 min 3dHA-PKB IB: anti-GST -
at 37"C, +Per.), cells were lysed and fraction-
ated. lmmunoprecipitations were performed 16:anti-~~ag lag-CTMP IB: anti-Flag 
from 5100 and PI00 fractions using an anti- IB: anti-GST 
body against Flag (74). PKBa expression was 

pF-CTMP + +analyzed using an HA antibody (upper panel). 16: anti-Flag 
?HA-pIB pGsTCTMP expression was analyzed using Flag anti- 16: anti-HA -- + 

pGST-PKB-RD + 
serum (middle panel), and CTMP-bound PKBa 
was detected using an HA antibody (bottom pF-CTMP 4- + -b E IB: anti-CTMPpanel). The asterisk represents the IgG heavy p ~ ~ - p ~ ~ a+ + + + 
chain. (D) COS-I cells were transfected with +Per. 

7.5 p g  of pF-CTMP and with pCST or pGST-PKB-RD. Cells were lysed and fractionated as in Fig. ZB, and 
immunoprecipitations were performed from the 5100 fractions with a Flag antibody. Association of GST-PKB-RD 16: anti-flag 
with CTMP was analyzed using a GST antibody (74). (E) Cells stably expressing Flag-CTMP were labeled in vivo 
with [32P] orthophosphate (34). After immunoprecipitation, phosphorylated Flag-CTMP was revealed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western-blotting, followed by autoradlography of the 
membrane (bottom panel). Expression level of Flag-CTMP was revealed by immunoblotting of the membrane 
with antibody against Flag (upper panel). 

5 .- 1.- O-per. I B 
Pervanadate + + + + +  

I 18:anti-HA -1 ""KB 

I I :  a n t  ] 4 HA-PKB 
IB: anti-pSer473 

Ill IP: anti-HA v14HA-pKB 
IB: anti-pThr308 

Y
Control Pervanadate(rnin) 0 1 3 9 15 
CTMP 

T I I IBianti-HA 7 1 4 ~ ~ - P K B 

.E 20 II IP: anti-HA 
IB: anti-pSer473 

1 . b  H-KB 

Ill IP: anti-HA 
I10 16: anti.pThr308 v bHA-PKB 
u LhdM IV IB: anti-Flag I ~

0 
pHA-PKB a+ pF-CTMP - - + - + - +  - +  
Pervanadate o i 3 9 15 HA-PKB + + 

(rnin) 

Fig. 3. CTMP inhibits PKBa activity by preventing its phosphorylation by upstream kinases. (A) 
COS-1 cells were cotransfected with an HA-PKB expression vector (2.5 pg) and with the 
indicated amount of pF-CTMP. Cells were serum-starved (24 hours), and stimulated with 
vehicle control (white bars) or 100 p M  pervanadate (black bars) for 10 min at  37OC. Cells were 
then lysed and analyzed for PKB kinase activity as described (35). $B) The phosphorylation 
status of PKBa was investigated by using antibodies against pSer4 (panel II) and Thr308 
(panel 111) (74). Expressed PKBa (panel I)and CTMP (panel IV) proteins were detected with the 
indicated antibodies (74). (C) COS-1 cells were transfected with an HA-PKBa expression vector 
(2.5 pg) together with 5 p g  control vector (control, white bars) or 5 p g  pF-CTMP (CTMP, black 
bars). Serum-starved cells (24 hours) were then stimulated with 100 p M  pervanadate at 37OC 
for the indicated times, lysed, and processed for immune-kinase assay (35). (D) Immunopre-
cipitations from COS-I cells transfected with the indicated constructs were analyzed for 
phosphorylation on PKBa residues Ser473or Thr308 as described in Fig. 38. 

two forms o f  CTMP exist inthese cells (Fig. 1, 
C andF; also see Fig. 5 for details). Transfection 
o f  CTMP without an epitope tag also produced 
two species o f  CTMP, suggesting that this pro-
tein undergoes posttranslational modifications 
such as phosphorylation in cells (Fig. 1F; also 
see Fig. 2E). I t is interestingthat the lower o fthe 
two CTMP forms in transfected cells corni-
grated with endogenous CTMP detected in the 
PlOO fraction o f  LN229 cells (Fig. ID). This 
further suggests that CTMP localization in the 
cell may be regulatedby  posttranslationalmod-
ifications such as phosphorylation. 

To further explore the biological relevance 
o f  the PKBa-CTMP complex, this interaction 
was analyzed inmammalian cells by  immuno-
precipitation. In cell extracts from transfected 
COS-1 cells lysed inbuffer containing 1% NP-
40 (vlv), CTMP formed a complex with a 
COOH-terminal regulatory domain mutant o f  
PKBa (GST-PKB-RD, Fig. 2A), but not with 
M1-length PKBa. One interpretation o f  this 
result is that binding o f  CTMP and PKBa may 
require intact plasma membrane structures, be-
cause both proteins have the ability to localize 
at the plasmamembrane[(I7) andFig. lB].We 
therefore lysed transfected COS-1 cells in 
Hepes/sucrose buffer, facilitating the prepara-
tion o f  cytosolic (S100) and membrane (P100) 
fractions for immunoprecipitation. The effi-
ciency o f  the fractionation was confirmed by  
transfection o f  a membrane-targeted PKB (rnl 
p-PKB), a construct containing sites for myris-
toylation and palmitoylation o f  PKB that result 
inconstitutive membrane anchoring [(17) and 
Fig. 2A]. The rnlp-PKB proteinwas exclusively 
localized inthe PlOO fraction o f  lysed COS-1 
cells (Fig. 2B). In contrast, wild-type PKBa 
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B Insulin 

I IB: anti-HA 

Insulin - + + + 
pHA-PKB + ---b 
pF-CTMP (pg) 0 0 1 5 

II IP: anti-HA 
IB: anti-pSefl73 

Ill IP: anti-HA 
IB: anti-pThr308 

IV IB: anti-Flag 

Fig. 4. Effect of CTMP on P K B a  signaling. (A) 
HEK293 cells transfected with expression vectors 

c D PAS-CTMP - - for HA-PKBa (1 pg) and p ~ - ~ ~(amounts in-7 1PKB 
dicated) were serum-starved (24 hours) and stim-

IB: anti-PKB -------
ulated with either insulin (100 nM,  15 min) orr 3 P K B  
ICF-1 (SO nM, 10 min) at 37°C. Cells were then 

IB: anti-Se1473 rr processed for immune-kinase assay (35).(6)Phos-

Per. + - - - - - kb phor;ylation status of PKBa residues Ser473and 
Thr3 was investigated as described in Fig. 3B. 
(C) HEK293 cells were transfected with 200 ng of 

+ antisense the p-fos-luc reporter gene together with pHA-
[r CTMP CDNA PKB (200 ng) and pF-CTMP (1 pg) where indicat-

ed. Luciferase assays were performed 48 hours 
pHA-PKB - + + 0.5 after transfection as described by the manufac-
pF-CTMP - - turer (Promega Luciferase assay kit). (D) HEK293 

cells were transfected with increasing amounts of PAS-CTMP (1, 2, 4, and 10 pg), an expression 
IB: anti-HA v > H A - P K B  vector encoding an antisense CTMP cDNA (29).Expression and SeP" phosphorylation of cndog-

enous PKB were assayed by direct immunoblotting (74). The amounts of antisense cDNA were 
le:anti-CTMP r - + ~ ~ ~ - c T M P  measured by RT-PCR (36). 

was equally distributed between the membrane 
and cytosolic fractions. Association of PKBa 
and CTMP was examined by cotransfection of 
COS-1 cells with constructs encoding epitope-
tagged versions of both proteins bemaggluti-
nin-tagged (HA)-PKBa and Flag-CTMP, Fig. 
2C]. Both PKBa (upper panel) and CTMP 
(middle panel) were detected in cytosolic 
(S100) and membrane (P100) fractions (Fig. 
2C). In addition,PKBa was observed in CTMP 
immunoprecipitates from membrane, but not 
cytosolic fractions (Fig. 2C, bottom panel). 
Treatment of COS-1 cells with pewanadate, an 
inhibitor of protein tyrosine phosphatases that 
potently activates PKB (18), disrupted the 
PKBa-CTMP interaction in the membrane 
fraction (Fig. 2C, bottom panel). These data 
confirm that PKBa interacts with CTMP in 
quiescent or unstimulated cells and that activa-
tion of PKBa with pervanadate perturbs this 
interaction. In contrast to full-length PKBa, a 
truncation mutant containingthe COOH-temi-
nal regulatory domain of PKBa (GST-PKB-
RD, Fig. 2A) was detected in CTMP immuno-
precipitates from cytosolic fractions of COS-1 
cells (Fig. 2D). These observations suggest that 
a region of PKBa not present in the GST-PKB-
RD construct inhibits the binding of CTMP to 
cytosolic PKBa. Alternately, other proteins 
may be involved in the formation of PKB-
CTMP complexes. These data further support 
the hypothesis that binding of full-length 
PKBa and CTMP occurs only at the plasma 
membrane. 

To explore a potential mechanism for the 
inhibitory effect of pewanadate on PKBa-
CTMP complexes, we monitored phosphoryl-
ation of CTMP during PKB activation. In 
vivo labeling of cells stably expressingFlag-
CTMP with [32P]orthophosphatedemonstrat-
ed a fourfold increase in CTMP phosphoryl-
ation after pewanadate treatment (Fig. 2E), 
supporting the idea that CTMP is regulated at 
the posttranslational level by as-yet-unidenti-
fied protein kinases. 

Activation of PKBa occurs via phosphoryl-
ation of ThrJo8 in the activation loop of the 
kinase domain and of SeF73 in the COOH-
terminal regulatory domain (5).To test the in-
fluence of CTMP binding on activation of 
PKBa, we assayed kinase activity in immune 
complexes from transfected COS-1 cells treated 
with pervanadate. Pervanadate-stimulated 
PKBa activity was decreased in a manner de-
pendent on the amount of transfected CTMP 
(Fig. 3A). Therefore, CTMP binding appears to 
have an inhibitory effect on PKB. Increased 
CTMP expression led to decreasedphosphoryl-
ation on both SeF73 and Wo8residues of 
PKBa, most notably on SeP73(Fig. 3B). Espe-
cially at late time points, kinase activity of 
PKBa was stimulated by pervanadate, despite 
the presence of CTMP (Fig. 3C). This increase 
in activityovertime was reflectedin increasesin 
phosphorylation of PKBa residues SeF73and 
Wo8in the presence or absenceof CTMF' (Fig. 
3D). These results show that binding of CTMP 
to PKBa inhibits,but does not completelyabol-

ish, pervanadate-stimulated phosphorylation of 
the key amino acids necessary for kinase activ-
ity of PKBa. 

To determine the effect of CTMP on PKBa 
activity in response to physiological stimuli, we 
treated HEK293 cells transfected with con-
structs expressing PKBa and various amounts 
of CTMP with insulin or IGF-1. The kinase 
activity of PKBa was stimulated by both insu-
linand IGF-1, and this stimulationwas progres-
sively inhibited by increasing amounts of 
CTMP expression (Fig. 4A). Furthermore, 
analysis of the phosphorylation status of PKB 
revealed that CTMP expression led to a de-
crease in S e F 3  and Wo8phosphorylation 
induced by insulin and IGF-1 (Fig. 4B). These 
data reinforce the results seen with pervanadate 
(Fig. 3) and support the hypothesis that CTMP 
is an inhibitor of PKB in vivo. 

To explore the effect of CTMP on down-
stream effectors of PKB, we analyzed the con-
sequence of CTMP expression on PKBa-medi-
ated transcriptional regulation. PKBa reduces 
both basal and serum-stimulated transcriptional 
activity of the c-fos promoter (16). Coexpres-
sion of CTMP completely abolishedthe inhibi-
tory effect of PKBa on c-fos-mediated tran-
scription (Fig. 4C), showing that CTMP inhibi-
tory activity is correlated with a reversion of 
PKB downstream target function. Indeed, 
CTMP expression increased c-fos promoter ac-
tivity above control levels, possibly through in-
hibition of endogenous PKB (Fig. 4C). In addi-
tion, expression of CTMP reduced phosphoryl-
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Fig. 5. Phenotypic reversion of 
v-Akt-transformed cells by sta-
ble expression of CTMP. (A) 
AKT8 cells were stably trans-
fected with expression vectors 
for CTMP (pF-CTMP and pF-
CTMP,), or with control vector 
(pSC5-FlagNt-puro). Puromy-
rin-rezictant rlonpc were zelert-
ed and expanded in culture for 
further characterization (37). 
Selected clones from the empty 
vector plate (clone A), the pF-
CTMP plate (clones E. F. C.and 
H), or the pF-CTMP, plate 
(clones B, C, and D) were ana-
lyzed for AktIPKB (upper panel) 
and CTMP (bottom panel) ex-

11ooAserum
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+AKT 8 
I 
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ation o f  glycogen synthase kinase3P (GSK-
3P) on SeP, a PKB-mediated phosphorylation 
event (16): 

To determine the consequence o f  disrupting 
CTMP function in vivo, HEK293 cells were 
transfected with an antisense CTMP expression 
vector (Fig. 4D). Increasing amounts o f  anti-
sense CTMP cDNA, confirmed by  RT-PCR, 
increas'edS~I+''~ phosphorylationo fendogenous 
PKB without changing its expression(Fig. 4D). 
These data demonstratethat inhibitiono fendog-
enous CTMP function increases the activation 
status o f  endogenous PKBa and indicate that 
CTMP acts as a negativeregulator o f  PKBa in 

00 
0 24 48 72 96 

Time (hour) 

vivo. Suppoxtingthese data, similar increases in 
endogenous GSK-3P phosphorylation on SeP 
were also observed in the presence o f  the anti-
sense CTMP construct, but not a control anti-
sense construct (16). This effect is not due to an 
upregulationo fPI-3 kinaseactivity, becauseno 
increase in the activity o f  this enzyme was ob-
sewedwhen antisense CTMP or a control lucif-
erase antisense cDNA was expressed (16). 
Therefore, ablation o f  CTMP function increases 
the ability o f  PKB to activate its downstream 
effectors incells. 

CCL64 mink lung cells stably expressing 
v-Akt (AKT8 cells), the viral homolog o f  PKB 

pression. (B) PI00 membrane 
fraction (500 pg) from clone H prepared in 
HES buffer (+ Lanes) or HES buffer alone were 
incubated with 10 pg of the indicated anti-
bodies (74). Immune complexes were then 
analyzed by immunoblotting with the indicat-
ed antibodies. PKB and CTMP protein migra-
tion was confirmed by direct blotting of the 
PI00 fraction (direct). The asterisk shows the 
lgC heavy chain position. (C) CCL64, AKT8, 
and cells from clones A to H were seeded in a 
35-mm dish and photographed with a phase-
contrast microscope before reaching conflu-
ency. (D) Cells from parental cell lines CCL64 
and AKTB [5 X lo4 (10%serum. Left panel) or 
2 x l o 5(0.1% serum, right panel)], as well as 
clones A, B. E, and F were seeded in 35-mm 
dishes. Cells were trypsinized, and viable cells 
were counted following staining by trypan 
blue exclusion at the indicated time for the 
relevant cell lines. 

isolated fiom mouse, are transformed and tu-
morigenic in vitro (lg21). To expand the hy-
pothesis that CTMP negatively regulates PKBa 
invivo and to analyze whether CTMP expres-
sion could revert the phenotype o f  v-Akt-trans-
formed cells, AKT8 cells were transfected with 
the cDNA encoding CTMP (CTMP) or with a 
cDNA correspondingto the original clone iso-
lated from the two-hybrid analysis (CTMPJ. 
This clone contains an extra 15 amino acids at 
the NI+terminus andwas identical to wild-type 
CTMP interms o fPKBabindingandinhibition 
(13). Clones stably expressing CTMP were se-
lededand analyzedonthe basis o fthree criteria: 
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Fig. 6. CTMP inhibits tumor Days after injection 
growth in nude mice. AKT8 cells clones I 11 14 20 22 24 
transfected with the puromycin- 
resistant plasmid (clone A) or sta- A 24x2.4  3.5x4.2 4.8x5.8 

bly expressing CTMP (clones B to  B - - -
H) were trypsinized, washed, and - -
resuspended in PBS at a concen- - 3.2 x 3.2 3.4 x 3.7 4.5 x 4.5 
tration of lo7cellslml Cells (100 2ml, lo6cells) were injected sub- E - - -
cutaneously into the backs of F - - -
the nude mice. Three mice were - -
injected for each corresponding H - - -
cell line. Mice were examined for 
tumor growth every 3 days. The length and width of each tumor are described at the indicated 
time after injection. 

cellular morphology, growth rate, and in vivo 
tumorigenesis. Expression of CTMP varied 
somewhat between each cell line (Fig. SA), 
whereas amounts of v-Akt remained largely un- 
changed in all cell lines tested. Significantly, the 
amounts of endogenous PKBa were increased 
in v-Ak-tmnsformed cells, a phenomenon not 
due to cleavage of v-Akt after the Gag NH,-
terminal dom& (13). The presence of P K B ~ -  
CTMP complexes in vivo was examined by 
immunoprecipitation using antibodies to either 
PKBa or CTMP (Fig. 5B). PKBa-CTMP com- 
plexes were detected using antibodies to PKBa 
or Flag, in membrane ffactions of clone H (Fig. 
5B). Furthermore, v-Akt-CTMP complexes 
were also detected in this ffaction, demonstrat- 
ing that CTMP interacts with both forms of 
PKB expressed in these cells, suggesting a con- 
servation of interaction between PKB and 
CTMP proteins from different species. 

Expression of CTMP clearly altered the 
morphology of AKT8 cells (Fig. 5C); cells were 
larger in appearance and formed mosaics, sim- 
ilar to wild-type parental CCL64 cells. The 
change in morphology induced by CTMP ex- 
pression in these cells may occur via inhibition 
of v-Akt. In this regard, decreased phosphoryl- 
ation of v-Akt on Ser"73 was observed in cell 
lines stably expressing CTMP (13). Clones sta- 
bly transfected with either form of CTMP grew 
more slowly than did mock-transfected or v- 
Akt4ransformed cells in high serum. Moreover, 
clones B, E, and F, grew more slowly than 
untransformed CCL64 cells, suggesting that 
CTMP inhibited proliferation induced by either 
v-Akt or by endogenous PKB (Fig. 5D, left 
panel). In low serum, clones B and F show no 
sigdicant cell proliferation, which is identical 
to the profile observed for the parental CCL64 
cells (Fig. 5D, right panel). In contrast, AKT8 
cells not transfected with the cDNA encoding 
ClUP (clone A) were still able to proliferate, 
showing that CTMP expression can restore cell- 
cycle arrest under low serum conditions. 

AKT8 cells form colonies in soft agar (19), 
suggesting that these cells have tumorigenic 
propmes. We injected nude mice with the dif- 
ferent cell lines described in Fig. 5. Mice inject- 
ed with puromycin-resistant AKT8 cells formed 
tumors 11 days after injection (clone A, Fig. 6). 
Tumor growth in these mice was identical to 

that in mice injected with AKT8 cells not trans- 
fected with CTMP, demonstrating that the pres- 
ence of the puromycin-resistance gene did not 
influence tumor growth. Wild-type CCL64 cells 
did not form tumors when injected into these 
mice. Analysis of nude mice injected with 
AKT8 cells stably expressing CTMP revealed 
that tumor growth was either abolished or de- 
layed to that in animals injected with control 
AKTS cells (Fig. 6). 

Our results identify CTMP as a new com- 
ponent in the control of PKBa signaling and 
suggest that this negative regulation, which oc-
curs via a direct interaction of CTMP with PKB 
at the plasma membrane, may be an important 
cellular mechanism in preventing inappropriate 
kinase activation, as well as subsequent excess 
cell growth and proliferation. The role of PKB 
in cell survival is well established (2). A key 
role for PKB in the progression of cancer was 
illustrated by the discovery of the protein-lipid 
phosphatase PTEN protein, the most highly 
mutated tumor-suppressor gene identified since 
p53 (22, 23). Cells lacking PTEN show in- 
creased PKB activity, suggesting that negative 
regulation of the PI 3-kinase and PKB signaling 
pathway by PTEN acts to prevent unregulated 
cell proliferation. Our data demonstrate that 
CTMP may represent an additional mechanism 
to negatively regulate PKB in cells. Whereas 
PTEN inhibits PKB activity indirectly by re- 
ducing the amounts of phosphatidylinositol- 
(3,4,5)-trisphosphate at the cell membrane, 
CTMP mediates its inhibition by binding di-
rectly to PKB and preventing its phosphoryl- 
ation. In glioblastoma cell lines with compro- 
mised PTEN function (U343MG, U87MG), 
small amounts of CTMP were detected, where- 
as in glioblastoma cell lines with functional 
PTEN alleles (LN229), CTMP is r e d l y  detect- 
ed (Fig. 1C). These data suggest that the ele- 
vated amounts of PKB activation seen in glio- 
blastoma and other cell lines may be due not 
just to ablation of PTEN function, but also due 
to a decrease in the levels of CTMP protein 
expression in these cells. 
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A Small-Molecule Modulator of 
Poly-a2.8-Sialic Acid Expression 

Cultured Neurons and 
Tumor Cells 

Lara K. Mahal,' Neil W. Charter? Kiyohiko Angata? 
Minoru Fukuda? Daniel E. Koshland Jr.,' Carolyn R. Bertoz~i'-~.~* 

Poly-a2,8-sialic acid (PSA) has been implicated in numerous normal and patho- 
logical processes, including development, neuronal plasticity, and tumor metas- 
tasis. We report that cell surface PSA expression can be reversibly inhibited by a 
small molecule, N-butanoylmannosamine (ManBut). Inhibition occurs through a 
metabolic mechanism in which ManBut is converted to unnatural sialic acid de- 
rivatives that effectively act as chain terminators during cellular PSA biosynthesis. 
N-Propanoylmannosamine (ManProp), which differs from ManBut by a single 
methylene group, did not inhibit PSA biosynthesis. Modulation of PSA expres- 
sion by chemical means has a role complementary to genetic and biochemical 
approaches in the study of complex PSA-mediated events. 

The biological functions of cell surface oli- 
gosaccharides have been difficult to elucidate 
owing to the complexity of achieving genetic 
control over a molecule that is the product of 
multiple enzymes and thus of multiple genes. 
In a few well-studied cases, the function of a 
specific oligosaccharide epitope has been de- 
termined, enhancing our understanding of 
cell-cell recognition (1). Still, few such struc- 
tures have been assigned a specific purpose. 
Small molecules that disrupt or activate a 
target process in a cellular context have pro- 
vided insights in systems that are difficult to 
manipulate with traditional genetic methods 
(2). The ability to block the expression of a 
specific oligosaccharide epitope by use of a 
small molecule would facilitate the study of 
oligosaccharide function. 

PSA (Fig. lA), a linear homopolymer of 
a2,8-linked sialic acid residues, is found mainly 
on the neural cell adhesion molecule (NCAM) 
(3, 4). Its biosynthesis is mediated by poly- 
sialyltransferases, the best-characterized human 
homologs of which are ST8SiaII (STX) and 
ST8SiaIV (PST) (5-7). Both enzymes catalyze 
the iterative formation of a2,8-sialic acid link- 
ages using cyhdine 5'-monophosphate (CMPt  
sialic acid as a substrate. PSA is abundant in the 
central nervous system during fetal develop- 
ment but is restricted to those regions of the 
adult brain associated with synaptic plasticity 
(8-10). In addrtion, PSA is a marker of several 
tumors including neuroblastomas, small cell 
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lung carcinomas, and Wilms tumor (1 1, 12). It 
has been implicated in tumor metastasis and the 
complex neural processes involved in learning 
and memory (3, 13). We report here a small- 
molecule modulator of PSA expression. 

The cellular machinery for conversion of 
N-acetylmannosamine (ManNAc, Fig. 1B) to 
CMP-sialic acid tolerates conservatively altered 
N-acyl substituents (14). Thus, admintstration 
of N-propanoylrnannosamine (ManProp, Fig. 
1B) or N-butanoylrnannosamine (ManBut) to 
cultured cells and laboratory animals results in 
biosynthesis of the corresponding CMP-sialic 
acid analogs and the appearance of unnatural 
sialic acid residues on cell surface glycopro- 
teins. In most sialoglycoconjugates, sialic acid 
residues occupy terminal a2,3- or a2,6-lmkagges 
to galactose; replacement of some hction of 
these residues with an unnatural variant has no 
mscernible effect on their abundance (15-1 7). 
By contrast, in PSA sialic acid occupies both 
terminal and internal positions, prompting us to 
consider the effects of incorporation of unnatu- 
ral sialic acids on its biosynthesis. 

We treated NT2 neurons (18) with ManProp 
or ManBut and visualized PSA expression by 
immunofluorescence microscopy with the 
monoclonal antibody (mAb) to PSA 12F8 (19, 
20). At concentrations up to 10 rnM in the 
culture medium, ManProp had no effect on 
PSA expression (Fig. 1C). However, ManBut 
abrogated 12F8 staining in a dose-dependent 
manner, indicating that it functions as a meta- 
bolic inhibitor of PSA expression (21). 

We also analyzed the effects of ManProp 
and ManBut on the cellular biosynthesis of PSA 
associated with NCAM. After incubation with 
various concentrations of ManProp or ManBut, 
NT2 cells were lysed and subjected to protein 
immunoblot analysis with the 735 to PSA 
and the d b  OBI 1 to NCAM (19). Polysialy- 

380 	 12 OCTOBER 2001 VOL 294 SCIENCE www.sciencemag.org 

mailto:bertoni@cchem.berkeley.edu

