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Observation of Covalent

Intermediates
Mechanism

in an Enzyme
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Andreas Heine,'* Grace DeSantis,?*{ John G. Luz,’
Michael Mitchell,2 Chi-Huey Wong?3} lan A. Wilson3}

In classical enzymology, intermediates and transition states in a catalytic
mechanism are usually inferred from a series of biochemical experiments. Here,
we derive an enzyme mechanism from true atomic-resolution x-ray structures
of reaction intermediates. Two ultra—high resolution structures of wild-type
and mutant D-2-deoxyribose-5-phosphate (DRP) aldolase complexes with DRP
at 1.05 and 1.10 angstroms unambiguously identify the postulated covalent
carbinolamine and Schiff base intermediates in the aldolase mechanism. In
combination with site-directed mutagenesis and 'H nuclear magnetic reso-
nance, we can now propose how the heretofore elusive C-2 proton abstraction
step and the overall stereochemical course are accomplished. A proton relay
system appears to activate a conserved active-site water that functions as the

critical mediator for proton transfer.

Escherichia coli D-2-deoxyribose-5-phos-
phate aldolase (DERA, E.C. 4.1.2.4) catalyzes
the reversible aldol reaction between the do-
nor aldehyde, acetaldehyde, and the acceptor
substrate, D-glyceraldehyde-3-phosphate, to
generate D-2-deoxyribose-5-phosphate (DRP)
(Fig. 1) ({). E. coli DERA belongs to the type
I class of aldolases, which use a covalent
Schiff base intermediate during catalysis (2—
4), and is one of the most efficient among
known aldolases (5—7). DERA is unique in
catalyzing an aldol reaction between two al-
dehydes, and its broad substrate specificity
confers considerable utility as a biocatalyst
(5), offering an environmentally benign alter-
native to chiral transition metal catalysis of
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the asymmetric aldol reaction (8, 9). The
synthetic utility of aldolases in C—C bond-
forming reactions is also apparent from ex-
tensive efforts to generate catalytic antibodies
that catalyze aldol reactions (10-14).
Despite their initial characterization at
the turn of the past century, catalytic mech-
anisms for class I aldolases have remained
speculative because of the lack of high-
resolution complex structures and incom-
plete kinetic data (/5-17). Furthermore,
the identity of the general base that gener-
ates the nucleophilic enamine intermediate
has remained elusive (7, 18). Proposed
mechanisms for three fructose 1,6-bisphos-
phate aldolases (FBPs) have been based on
noncovalent substrate and product com-
plexes (7, 19, 20). The only known cova-
lent complex structures are for an adduct of
pyruvate with D-2-keto-3-deoxy-6-phos-
phogluconate (KDPG) aldolase (/7) and
for dihydroxyacetone in complex with
transaldolase B (27). These studies have
identified the Schiff base—forming lysine,
which is normally located on strand 86, but
the general acid and base residues required

by the aldolase mechanism have not been
unambiguously characterized (7, 15, 16,
18, 19, 22). In previous mechanisms, glu-
tamic or aspartic acid have often been pro-
posed to act as general acids or bases.
[Further discussion of other proposed cata-
lytic residues is found in the supplemental
material (22).]

A covalent complex of DERA with DRP
was obtained by soaking crystals with the
substrate just before data collection [for
further details, see the supplemental mate-
rial and Web fig. 2 (22)]. An ultra—high
resolution data set was then collected at
1.05 A resolution (Table 1). The overall
enzyme structure adopts the classic TIM
barrel (o/B), fold, with Lys'” on strand 6
[see Web fig. 1 (22)]. The covalently bound
substrate protrudes out of the binding pock-
et, with its phosphate moiety ligand in close
proximity to the COOH-terminal a helix
(23). A search of the Cambridge Structural
Database did not find any crystal structure
for DRP, either in its linear or cyclic form.
However, the advantage of ultra—high res-
olution data is that the ligand atoms can be
individually placed and refined into the
electron density (Fig. 2A). Coordinates for
the covalently bound carbinolamine were
therefore obtained from a free atom model
by applying the structure extension mode
available in SHELXL (Table 1). Geometric
restraints were not applied for the ligand in
the final stages of refinement; hence, the
ultra—high resolution data allowed for an
unrestrained refinement of the Lys N{—Cl
DRP bond length (1.38 A) for both com-
plexes in the crystal asymmetric unit (Fig.
2B). The substrate carbonyl C=0O bond,
which is typically between 1.2 to 1.25 A for
small molecules, refined to 1.39 A (Fig.
2B) and 1.35A in the two complexes, clear-
ly indicating the presence of a hydroxyl
group.

Thus, the atomic refinement identified
the formation of a carbinolamine, which is
the first covalent intermediate expected in
the reaction of an aldehyde with a lysine. A
second lysine, Lys?°!, is only 3.4 A from
Lys!67, with Asp'%? forming a bridge be-
tween them (Fig. 3A). Lys?°! forms another
buried salt bridge with Asp'®, which is held
in place by Arg?3*. This latter salt bridge
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Fig. 1. DERA reaction. In vivo, DERA catalyzes the aldol reaction between the acetaldehyde donor and D-glyceraldehyde-3-phosphate acceptor to

generate DRP.
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may be important for maintenance of a pos-
itive charge on Lys?°! that results in a low-
ering of the pK, of Lys'®’ through electro-
static interaction. The uncharged Lys!®’ then
functions as a nucleophile at neutral pH by
attacking the substrate carbonyl carbon. The
substrate carbonyl oxygen may be further
activated by interaction with a structurally
conserved active-site water molecule, Wat?®
(Figs. 2B and 3A) (24). Comparison with
other known class I aldolase structures (22,
25) shows that a similar constellation of key
catalytic residues appears to be present in
their active sites, but their precise configura-
tion differs from enzyme to enzyme, suggest-
ing that the aldolase mechanism does not
require a unique geometric arrangement of
catalytic residues.

Several mutants were then designed to
investigate the catalytic roles for the Schiff
base Lys'®? and potential acid or base res-
idues (Table 2). Because the Lys?°! —
Leu?°! (K201L) mutant was essentially in-
active (26), we assumed that this mutant
would allow further evaluation of possible
covalent intermediates. Its structure in
complex with DRP was determined at 1.10
A resolution (Table 1) and revealed a dif-
ferent covalent intermediate; the absence of
any electron density for a Cl-hydroxyl
group (Fig. 2C) indicated formation of a
covalent Schiff base rather than the carbi-
nolamine. The K201L mutant may then be
unable to execute the proton relay role
proposed for Lys?°!, and thus the Schiff
base presumably becomes trapped because
of the relative free energy differences of the
enzyme-bound intermediates. The DRP
Cl-Lys N{ atom distance could again be
refined in this structure and was found to be
1.29 A (Fig. 2C) and 1.28 A, respectively
(for the two independent complexes in the
asymmetric unit), without use of any geo-
metric restraints on the ligand. This de-
crease of 0.1 A in bond length clearly
indicates at least partial double-bond char-
acter and, therefore, a true Schiff base com-
plex. The shorter N{—C bond and an N{—
C-C angle of 125.0° for the Schiff base
specifies trigonal geometry at the carbon
atom (C1), which is in excellent agreement
with the theoretical values. Furthermore,
the observed bond angles for the DERA
wild-type carbinolamine complex also
agree well with theoretical values and, in
this case, indicate a tetrahedral arrange-
ment around the C1 of the substrate. [For
comparison with the KDPG pyruvate carbi-
nolamine complex, see the supplemental
material (22).]

Site-directed mutagenesis of the two
DERA active site lysine residues Lys'6”
and Lys?°! indicate that both are critical to
catalysis. The K167L and K201L mutants
are both 10° times less active than the wild
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type (Table 2). However, the K201L mu-
tant structure (Fig. 2C) shows that Lys2°! is
not obligatory for Schiff base formation
(27), although it substantially enhances the
rate of reaction. A likely function of Lys?°!
is to lower the pK, of Lys'¢? and raise its
nucleophilicity by the classical Westheimer
mechanism first proposed for acetoacetate

abzyme Ab38C2, insertion of the Schiff
base lysine into a hydrophobic pocket low-
ers its pK, to 6.0 (/7). However, because
the Lys?°! — Arg?°! (K201R) mutant of
DERA is also inactive, the role of Lys?°! is
clearly more than a simple electrostatic one
3.

The K167R mutant is only 22 times less

decarboxylase (28, 29). The pH activity
profile for wild-type DERA has an inflec-
tion point with a pK, of 6.8 that may be
ascribed to the ionization of Lys!'¢” (30).
By contrast, in the aldolase-catalyzing

active than the wild type; thus, in this case,
Lys?°! might assume the role of Lys'¢’, as
proposed for the KDPG aldolase double
mutant (/5). Calculation of the solvent-
accessible surface area (32) of wild-type

Table 1. Data collection and refinement statistics. The DERA enzyme (10 to 15 mg/ml) crystallizes at 4°C
from 13 to 18% MPEG5000, 0.1 M cacodylate (pH5.5), and 15 to 20% glycerol with two molecules in
the asymmetric unit (34). The complexes were obtained by short soaks with the substrate immediately
before flash cooling in 10.6 mM substrate concentration. All data sets were collected at SSRL beamline
9-2 at —176°C. Data were processed and scaled with HKL2000 (57). The native structure of DERA was
used as a starting model for refinement (34). The initial refinement in CNS (52) used rigid-body,
positional, and slow-cooling refinement protocols. Refinement of the ultra—high resolution complexes
was continued with SHELXL-97 (53). For each refinement step, at least 10 cycles of conjugate gradient
minimization were performed, with restraints on bond distances, angles, and B values. In the final stages,
hydrogen atoms were placed in calculated positions without use of additional parameters. Intermittent
cycles of model building were done with the program O (54). The overall map quality was excellent,
showing no main-chain breaks, except for one region of weaker density (residues 22 to 23), which is
observed in all DERA structures. At the COOH-terminus, 8 to 9 residues were not visible in the electron
density, presumably because of disorder, as observed for other aldolase structures (7, 55, 56). The only
outlier in the Ramachandran plot, as assessed by Procheck (57), is residue Lys'#%, as observed in all DERA
structures, that is in a well-defined y-turn with excellent density. The bond length (that is, the
corresponding atom positions) for Lys's” N{ to C1 of the substrate, and C1 to O1 in the wild-type
complex, were refined without any restraints in all stages of refinement. The carbinolamine atoms were
positioned as individual water molecules during initial SHELXL refinement. All atoms for the ligand were
identified and placed into corresponding electron density peaks. No geometric restraints were used in late
stages of refinement for the bound substrate molecules and estimated standard deviations (esd’s) were
determined in the last cycle of refinement.

Wild-type complex K201L mutant

complex
Resolution range (A) 30-1.05 20-1.10
Space group P2, P2,
Unit cell (A,° for B) a = 485b = 420, a=486,b = 420,
c = 1450, 38 = 98.4 c=1454,3 = 984
Highest resolution shell (A) 1.07-1.05 1.12-1.10
No. of observations 638,223 426,815
No. of unique reflections 256,887 218,336
Completeness (%) 95.5 [64.0]* 93.2 [78.9])*
Mean //o, 14.8[1.0] 16.2[1.6]
Ry (%)t 6.3[66.7] 5.4[50.5]
Refined residues 503 503
Refined substrate atoms 26 24
Refined water molecules 708 557
Resolution range in refinement (A) 10.0-1.05 80-1.10
Reyst (F, > 40 Fi F)E 11.0; 143 12.4; 14.2
Ry (F, > 40F,; F.)§ 13.5; 16.9 146; 16.8
Rms deviations
Bond lengths (A) 0.015 0014
Bond angles (°) 22 2.2
Average B value (A2) (mol1; 2) 11.7; 12.4 13.0; 138
Main chain (A2) 9.4; 10.0 10.3; 10.9
Side chain (A?) 14.2; 15.2 16.1; 17.0
Substrate (A?) 11.9; 144 8.3;95
Waters (A?) 28.5 28.1
Ramachandran plotj|
Most favored (%) 94.7 95.8
Additional allowed (%) 44 33
Generously allowed (%) 0.4 0.4
Disallowed (%) 0.4 0.4
*Values in brackets are statistics for the highest resolution shell. TRy = [=,210h) — a1/ 2.2 4(h)] X 100,
where (/(h)) is the mean of the /(h) observation of reflection h. 1R, = %, IF, — FI/Z IFL  §R . was

calculated as for R, but on 5% of the data excluded from the refinement. |IFrom Procheck (57).
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DERA shows that only 24 A2 of the Lys'®”
side chain and none of Lys?°! are solvent-
exposed. However, substitution of Lys!®’
with arginine would still result in complete
burial of Lys?°!, whereas in the K167L
mutant, only 11A2 of the Lys®°! would be
solvent-exposed. However, no Schiff base
intermediate between acetaldehyde and
DERA K167R could be trapped after sodi-
um borohydride reduction (33).

The second critical residue for a Schiff
base-mediated aldol reaction is a general
base that deprotonates the imine to form an
enamine. However, no obvious protein side
chain candidate is apparent from these DERA
structures. Cys* is conserved in 13 of the 15
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known DERA sequences, and from the native
uncomplexed structure, we initially thought
that it might fulfill this role (34). However,
the Cys*’ — Ala*? and Cys*’ — Ser*’ mu-
tants are only slightly less active than the
wild type. In addition, in the wild-type carbi-
nolamine complex structure (Fig. 3B), the Sy
atom of Cys*” is too far (5.4 to 5.5A) from
the C2 atom of DRP.

Mechanistic studies have suggested that
the side-chain hydroxyl of a COOH-terminal
tyrosine residue found in many type I aldo-
lases might function as the C2 proton-ab-
stracting general base (7, 19, 35). Car-
boxypeptidase cleavage of the COOH-termi-
nal tyrosine of Salmonella typhimurium

Table 2. Activity of DERA mutants. n.d., not determined.

Mutant* Ko (57 Kyt (M) Ty ey
Wild type 68 * 1 0.64 + 0.01 106 = 2 Yes
K167L 0.063 *+ 0.002 0.64 = 0.08 0.1 = 0.01 No
K167R 165 = 0.07 0.34 + 0.05 49 * 0.7 No
K201R 0.022 = 0.002 0.22 = 0.02 0.1 = 0.01 No
K201L 0.0195 * 0.0007 0.28 + 0.04 0.07 = 0.01 No
K137L 1.54 = 0.03 0.31+0.03 50 = 05 nd.
C47A 9.4 * 0.03 0.22 £0.03 43 = 5 n.d.
C47s 79 £ 03 0.23 £ 0.03 34 + 4 nd.
D102N 0.0144 = 0.006 0.21 £ 0.04 0.07 * 0.01 No
D102E 068 * 0.04 0.28 + 0.07 24 *+ 06 Yes
D102L 0.005 * 0.001 0.10 £ 0.02 0.05 = 0.01 No
Y259F 0.164 *= 0.004 0.31 £ 0.03 0.53 * 0.05 Yes

*All enzymes were expressed from the pET30a plasmid in E. coli BL21 (DE3) as NH,-terminal HIS fusions and purified

to homogeneity by Ni2*-agarose affinity chromatography.

‘tEnzyme activity was assayed in the retroaldol direction

with 0.01 to 4 mM DRP in 50 mM (pH 7.5) TEA-HCl buffer using a GPD/TPI (1.6 U/ml Sigma G-1881) coupled enzyme
system at 25°C in the presence of 0.3 mM NADH by observing the rate of decrease of NADH concentration as monitored

by absorption at 340 nm (58).

1200 mM propanaldehyde was incubated in 50 mM TEA-HCI buffer made up to pD

7.1 and then 0.5 to 2 mg of DERA was added. "H NMRs were recorded on a 250-MHz Bruker (59).

07
1.52(1)

@01 _— 41(; 2%
54(2) 1.61(1)63 154(2) 1.54(2) - 1.51(2)
‘39‘3K 155(2) 1—% % 1.53(1) — Nlal
‘53(23 \\ e 2 540(1) 4 cjtm 1.45(1)
NZ 02 04 05

1.38(1) C 2 é a1z
NZ 02

?

c

% 03
1.44(2)
51(2) -

07
1.50(1),
1.46(2) 1.60(1)

06

DERA resulted in a substantially less active
enzyme, but it was still able to bind substrate
(4, 36). Because the eight to nine COOH-
terminal residues of DERA were not visible
in the electron density, a minimized model
was constructed that indicated that Tyr?%°
could reach into the active site (37). Because
the Tyr2%° — Phe?>° (Y259F) mutant exhib-
ited only a 200-fold decrease in activity (Ta-
ble 2), its potential role as a general base
could not be validated from mutagenesis or
from the crystal structures.

To further address this question, we
turned to 'H nuclear magnetic resonance
(NMR), which permits direct monitoring of
the enzyme-catalyzed deprotonation of the
C2 proton. Even in the absence of an ac-
ceptor substrate, DERA catalyzes the ex-
change of the C2 protons of the natural
donor acetaldehyde or its homolog propan-
aldehyde (38). Although DERA catalyzes
the exchange of all three C2 protons of
acetaldehyde, presumably because of free
rotation about the C1-C2 bond in the ES
complex, only one of the two prochiral C2
protons of propanaldehyde is exchanged.
The DERA-catalyzed exchange of the C2
proton is readily monitored by 'H NMR,
when conducted in D,O triethanolamine
buffer. '"H NMR studies revealed that both
wild-type DERA and the Y259F mutant
catalyze the C2 exchange of one of the
prochiral C2 protons of propanaldehyde
(Table 2), thus eliminating any role for the
tyrosine side chain as a general base. Fur-
thermore, in the DERA-catalyzed C2 ex-
change reaction of both (R)-2-deuteropro-

Fig. 2. Identification of carbinolamine and Schiff base intermediates. (A) Ligand construction from free
atom model. The electron density is shown in the DERA active site for the carbinolamine. The
o,-weighted 2Fo — Fc electron density is contoured at 2o (cyan) and 4o (purple). Each individual
atom position of the bound ligand was determined iteratively and placed into electron density for
refinement (shown as red spheres). The electron density for Lys'®” is displayed for comparison with
substrate density. All structural figures were made with Bobscript (60) and Raster3D (67). (B)
Carbinolamine intermediate. The active site of the wild-type DERA enzyme in complex with DRP
substrate is shown around Lys'®”. The o,-weighted
2Fo — Fc electron density is contoured at 2o (cyan)
and 4o (purple). Formation of the covalent carbino-
lamine is observed. Active site residues are labeled as
well as the active site water, Wat?®. Below: Unre-
strained refinement. Atom model of the final sub-
strate coordinates is shown with all bond lengths (A),
including esd’s in parentheses. Values were deter-
mined by least-squares refinement without use of
any geometric restraints. (C) Schiff base intermedi-
ate. Same view as above for the DERA K201L mutant.
In this complex, the Schiff base formation is observed
as indicated by the shorter Lys'®7-N{ to C1 bond
length and loss of the hydroxyl group. Wat?® in the
carbinolamine complex (B) is equivalent to Wat?' in
the Schiff base complex (C) (24). Below, refined
parameters for the Schiff base complex from unre-
strained refinement, as above in (B).
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panaldehyde and (S)-2-deuteropropanalde-
hyde (39) in D,O, the proS proton is ex-
changed in both cases (Fig. 4A). Hence, the
DERA-catalyzed aldol reaction between
propanal and D-3-azido-2-propanal pro-
ceeds with retention of configuration at C2,
so that the exchanging proton and the alde-
hyde approach the same face of the en-
zyme-bound enamine (Fig. 4C) (40).

In the crystal structures of either the
wild-type carbinolamine complex (Figs. 2B
and 3A) or of the K201L mutant of DERA
in a Schiff base complex with DRP (Figs.
2C and 3B), no protein side chain is close
enough to C2 to suggest direct participation
in the reaction mechanism. The closest res-
idues, other than Lys!®7, are Lys?%,
Asp!'°2, and Cys*’ (Fig. 3), for which their
respective side-chain heteroatoms are 5.3,
5.3,and 5.5 A, respectively, from the C2 of
DRP in the carbinolamine complex. There-
fore, barring an unobserved and unexpected
(from modeling studies) conformational
change, none of these residues are good
general base candidates. The closest het-
eroatom to C2 of DRP, which is observed
in all the DERA structures to date, is an
extensively hydrogen-bonded water mole-
cule (Wat?®, Fig. 3A) (24) which is 3.95 A
from DRP C2 [see Web table 2B (22)],
about 0.7 A too far away to be unambigu-
ously assigned to the role of general base
from the structural data. Consequently, we
turned to molecular mechanics analysis to
investigate flexibility in the active site.
Minimization of the wild-type carbino-
lamine structure produced little change,
validating the results of the minimization
method with the observed structural data
(37). For Asp!92, Lys?°!| Cys*’, or Wat?®,
the distances between the side-chain het-
eroatom and C2 were altered by less than
0.1 A. However, when the DERA-acetalde-
hyde enamine intermediate was minimized,
the oxygen atom of Wat?® moved to within
3.26 A from C2, whereas Asp'°?, Lys?°!,
and Cys*’ remained at least 5 A away from
C2 [see Web table 2B (22)].

Thus, we propose that this water mole-
cule participates in a proton relay (Fig. 4B)
by which C2 is stereoselectively deproto-
nated. The effective tautomerization of the
enzyme acetaldehyde imine to its enamine,
as shown in step 3 of Fig. 4B, is catalyzed
via this proton relay system that involves
Asp'®? and Lys?°!. The fact that the
K201L, K20IR, Asp!®? — Leu'®
(D102L), and Asp'°2 — Asn!°? mutants all
exhibit 103 times less activity than the wild
type corroborates this hypothesis. Further-
more, the Asp'®?2 — Glu'%? mutant, which
retains a carboxyl side chain, can still cat-
alyze the retroaldol reaction, albeit at a
45-fold reduced rate. This mutant also re-
tains the ability to catalyze the C2 ex-

12 OCTOBER 2001 VOL 294 SCIENCE
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Fig. 3. DERA enzyme-substrate interactions. The wild-type enzyme carbinolamine complex (A)
and the Schiff base K201L mutant complex (B) structures are shown. Residues and water
molecules implicated in catalysis are colored in blue. The different covalent intermediates
observed in each structure are colored in red. Hydrogen bonds are indicated by dotted black
lines and lengths are given in angstroms. Carbon and oxygen atoms are numbered in DRP, as

in Fig. 2, B and C.

change, as shown by 'H NMR (Table 2),
because it can still participate in proton
shuffling.

Identification of the general base re-
sponsible for C2 proton abstraction may
have remained elusive in type I aldolases
because it functions via an extensive proton
relay in a fashion analogous to that pro-
posed for pyruvate kinase (4/). The de-
tailed catalytic mechanism as outlined in
Fig. 4B is for the DERA enzyme. However,
other class I aldolase enzymes contain sim-
ilar constellations of residues that could
function in proton relay systems analogous
to DERA. Although Asp3? and Glu*® have
been proposed to function as the general
base in FBP and KDPG aldolases, the avail-
able substrate complex structures are not
consistent with this postulate (7, 15-19).

Thus, we can now put forward a com-
plete mechanism for a type I aldolase,

which delineates all of the essential cata-
lytic residues (Fig. 4B) and is consistent
with all of our ultra—high resolution struc-
tural, site-directed mutagenesis and 'H
NMR data. Lys'¢” is identified as the Schiff
base—forming residue. After the enamine is
formed, the system is poised for nucleo-
philic attack onto the acceptor aldehyde
D-glyceraldehyde-3-phosphate, requiring
protonation of its carbonyl group. From the
ultra—high resolution structures (Fig. 2, B
and C) and modeling, it appears that this
proton is provided via Wat?® [Web table 2B
(22)] through a proton relay that is com-
posed of Asp'%2, Lys?°!, and the active-site
water molecule, and is responsible for shuf-
fling a proton between C2 of the acetalde-
hyde imine and enamine and subsequent C3
hydroxyl protonation (Fig. 4B). In addition
to the relevance for class I aldolase mech-
anisms, these results may have implications

www.sciencemag.org
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(right). (B) Proposed
catalytic mechanism
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consistent with all of our ultra—high resolution structural, modeling,
site-directed mutagenesis, and TH NMR data. Lys'®7 is identified as
the Schiff base—forming residue. After the enamine is formed, the
system is poised for nucleophilic attack onto the carbonyl-carbon of
the acceptor aldehyde D-glyceraldehyde-3-phosphate. A proton relay
system between Asp’0?, Lys?%7, and an active site water molecule is
responsible for shuffling a proton between C2 of the acetaldehyde
imine and enamine and subsequent C3 hydroxyl protonation. The

double arrows in green indicate rapid proton shuffling between Lys®’
and Asp'©2, Crystallographically observed reaction intermediates are
boxed (left, carbinolamine; right, Schiff base). (C) Stereochemical
course of aldol reaction. When propanal is substituted for acetalde-
hyde as the donor, the pro-S o proton is removed, and thus the aldol
reaction proceeds with retention of configuration at C2, with the §i
face of the resulting enamine approaching the Re face of the acceptor
carbonyl. A:H, general acid; B, general base.
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Carboxyl-Terminal Modulator
Protein (CTMP), a Negative
Regulator of PKB/Akt and v-Akt
at the Plasma Membrane

Sauveur-Michel Maira,? ivana Galetic,” Derek P. Brazil,’
Stefanie Kaech,' Evan Ingley,’t Marcus Thelen,?
Brian A. Hemmings'}

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 Serine 473,
by a putative serine 473 kinase. Several protein binding partners for PKB have been
identified. Here, we describe a protein partner for PKBa termed CTMP, or carboxyl-
terminal modulator protein, that binds specifically to the carboxyl-terminal reg-
ulatory domain of PKBx 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
tyrosine kinases that signal via the phospha-
tidylinositol 3-kinase (PI 3-kinase). PKB me-
diates a wide variety of biological responses
to insulin and insulin-like growth factor 1

(IGF-1) and other growth factors (/-2). Upon
cell stimulation, the kinase is translocated to
the plasma membrane, where it is phospho-
rylated on two amino acids, Thr3%® in the
catalytic domain and Ser*’® in the COOH-
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