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Background: The CCT M-domain contains an autoinhibitory (AI) segment, but its mechanism was obscure.
Results: The AT helix partly occludes active site access and engages a mobile loop (L2), impeding the dynamics of key catalytic

lysine 122.
Conclusion: Loop L2 is a key target of the AI clamp.

Significance: This work reveals the nature of a regulatory off-switch in an enzyme regulated by membrane binding.

CTP:phosphocholine cytidylyltransferase (CCT) intercon-
verts between an inactive soluble and active membrane-bound
form in response to changes in membrane lipid composition.
Activation involves disruption of an inhibitory interaction
between the oF helices at the base of the active site and an auto-
inhibitory (AI) segment in the regulatory M domain and mem-
brane insertion of the M domain as an amphipathic helix. We
show that in the CCT soluble form the Al segment functions to
suppress k... and elevate the K, for CTP. The crystal structure of
a CCT dimer composed of the catalytic and Al segments reveals
an Al-aE interaction as a cluster of four amphipathic helices
(two aE and two Al helices) at the base of the active sites. This
interaction corroborates mutagenesis implicating multiple
hydrophobic residues within the AI segment that contribute to
its silencing function. The AI-«E interaction directs the turn at
the C-terminal end of the AI helix into backbone-to-backbone
contact with a loop (L2) at the opening to the active site, which
houses the key catalytic residue, lysine 122. Molecular dynamics
simulations suggest that lysine 122 side-chain orientations are
constrained by contacts with the AI helix-turn, which could
obstruct its engagement with substrates. This work deciphers
how the CCT regulatory amphipathic helix functions as a silenc-
ing device.

Amphitropic enzymes are a class of enzymes whose regula-
tory ligand takes the form of a membrane. How membrane
binding activates catalytic function in these proteins is gener-
ally not well understood, although recent progress has been
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made for several lipid-activated kinases (1). CCT? is a prototyp-
ical amphitropic enzyme whose function is to control mem-
brane phosphatidylcholine (PC) homeostasis (2). It catalyzes
the rate-limiting step in PC synthesis, the formation of the
headgroup donor, CDP-choline. In addition to its role in main-
taining membrane phospholipid compositional balance, tar-
geted gene deletions or siRNA-mediated suppression have
revealed the involvement of the major isoform, CCTq, in lung
surfactant production (3), plasma lipoprotein balance (4), size
regulation of lipid storage droplets (5), and control of diacyl-
glycerol concentration in the Golgi, which in turn regulates
vesicular traffic (6).

CCTs from yeast to humans contain a catalytic /g fold (7)
followed by a membrane binding region and a disordered C-ter-
minal tail. The «/@ fold catalyzes a nucleophilic attack of phos-
phocholine on the a-phosphate of CTP to generate CDP-cho-
line and diphosphate. The reaction proceeds via a random
order sequential mechanism (8). Catalysis is accomplished by
surrounding the a-phosphates of CTP and phosphocholine
with amine-containing groups supplied by several loops form-
ing the active site that provide charge stabilization and adapt
the geometry about the a-phosphate of CTP (7). Extensive
mutagenesis of active site residues has highlighted the key
importance of lysine 122 (Lys'*?) in loop L2. Replacement with
other residues (even conservative arginine), cripples k_,,/K,,, by
5 orders of magnitude (9).*

The membrane binding domain contains an inducible
amphipathic helix (domain M) that detects physical properties
of a PC-deficient membrane, such as high negative charge den-
sity and lipid packing stress (11-14). An encounter with such a

3 The abbreviations used are: CCT, CTP:phosphocholine cytidylyltransferase;
Al, autoinhibitory; PC, phosphatidylcholine; PG, phosphatidylglycerol;
AMBER, Assisted Model Building and Energy Refinement; CCP4, Collabora-
tive Computational Project 4; GROMACS, Groningen Machine for Chemical
Simulations; VMD, Visual Molecular Dynamics; MD, molecular dynamics;
r.m.s.d., root mean square deviation.

4 We use the following definition of k,,/K,,,: the rate constant associated with
the formation of a productive ES complex that will proceed to product (10).
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membrane surface triggers insertion of the hydrophobic face of
the amphipathic helix (15) and transduces a conformational
change in the catalytic domain associated with an increase in
k../K,, of nearly 3 orders of magnitude (16 —18). This process
restores the membrane PC content. When not membrane-en-
gaged, this same M domain functions as an autoinhibitory
device. Deletion or mutagenesis of domain M results in a ~20-
fold increment in constitutive (lipid-independent) activity with
a 10-fold increase in the maximum velocity and a ~2-fold
decrease in the Michaelis constant (K,,,) for CTP (16 -18). The
K, for the other substrate, phosphocholine, is not regulated.
However, membrane binding, which requires a functioning M
domain, imparts an additional order of magnitude increase in
catalytic efficiency above the increase observed upon domain
M deletion (16). These data suggest that M has a dual role
in CCT regulation: as a silencer in the soluble form and as an
activator in its membrane-bound form. In this work, we have
focused on the autoinhibitory role of M in the silenced, soluble
form of CCT.

How does domain M impart catalytic silencing? Previous
data suggest that most of domain M has a high degree of disor-
der in the CCT soluble form. Circular dichroism analyses
revealed that the a-helical content increases by nearly 60 resi-
dues upon membrane binding mostly at the expense of disor-
dered conformers (19). Protease accessibility, photocross-link-
ing, and site-directed fluorescence anisotropy suggested a
bipartite structure for domain M in the CCT soluble form: an
N-terminal disordered segment (residues ~235-270) followed
by a more structured segment (residues 272—-301) (20, 21). This
bipartite structure is also predicted by many disorder predic-
tion algorithms and is a feature of CCT M domains across phyla
(16, 22).

A recent analysis of chimeric enzymes revealed that the reg-
ulation of the catalytic domain of rat CCT « is tolerant of large
variation in the sequence and length of the M domain, suggest-
ing that physical features, such as hydrophobicity and amphipa-
thy, are more important than sequence (16). However, deletion
of a relatively conserved 22-mer from the C-terminal end gen-
erated a deregulated enzyme with catalytic properties similar to
that of CCT-236, which is missing the entire M domain (16).
We refer to this 22-mer segment as the Al motif (see Fig. 14).
Denaturation analysis of this segment in the CCT soluble form
suggested a weakly folded conformation in contrast to an
absence of structure in the rest of domain M (21).

Does the Al motif interact with the catalytic domain and, if so,
where? Cysteine engineering of scattered sites within domain M
followed by photocross-linking and mass spectrometry identified
an association with the helix oE pair extending from the base of
the active site of the catalytic dimer. This interaction was con-
firmed by deuterium exchange/mass spectrometry (21). Con-
tacts were broken in the presence of activating lipid vesicles,
suggesting a silencing function. Activation of CCT, according
to the emerging model, involves the dissociation of the Al motif
from «F and its association with the membrane surface. Essen-
tially there is a competition between the «oE helices and the
membrane for an emergent Al helix. The flexible leash portion
of domain M would serve to facilitate the transitions of the Al
helix. Although this work identified three components of the
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CCT autoinhibitory interaction, the Al motif, the leash, and the
helix oE docking site, the chemical nature of the docking inter-
action and the mechanism of silencing were not explained.

Here we present mutagenesis analysis of the Al segment to
further define its role as a suppressor of catalysis in the CCT
soluble form. We solved the crystal structure of a mammalian
CCT containing both the catalytic and M domains, revealing
the nature of the AI-aE interaction and a plausible mechanism
for catalytic silencing. Molecular dynamics simulations support
that mechanism, which involves a clamp on an active site loop
and restriction of the orientation of the key catalytic residue,
Lysl22.

EXPERIMENTAL PROCEDURES
Preparation of CCT Constructs

All CCTs were derived from rat CCTa (UniProtKB/Swiss-
Prot accession number P19836). The sequence fidelity of all
CCT constructs was confirmed by two-strand sequencing.

CCT-367—The preparation of wild-type, full-length CCT-
367 plasmid and its expression and purification were described
in Taneva et al. (19).

PETI14b-CCT Constructs—The preparation of pET14b CCT-
236(K122A) was described in Taneva et al. (23). The wild-type
residue, Lys'??, was restored by swapping a Kpnl/Sacl 650-bp
fragment from pET14b-CCT-312. We prepared pET14b CCT-
312 as follows. Using pAX142-HisCCT«-312 (22) as the tem-
plate, the opening reading frame encoding CCT(1-312) was
PCR-amplified with 5-ATATCATATGGATGCACAGAGTT-
CAG-3" and 5'-ATATGGATCCTCACTGCAGCATCCGA-3’
oligonucleotide primers containing Ndel and BamHI restric-
tion sites, respectively (sites in italics). The PCR fragment was
double digested using Ndel/BamHI and cloned into similarly
digested pET14b plasmid. We prepared the leash deletion
variants, pET14b CCT-312(A252-269) and pET14b CCT-
312(A238-269), which we refer to as CCT-312(A18) and
CCT-312(A32), respectively, by QuikChange mutagenesis (St-
ratagene) using pET14b CCT-312 with the wild-type sequence
as a template and primers that spanned the codons to be dele-
ted. The forward primers were 5'-GA GTT GAT AAG GTA
AAG AAG... AAG AGC ATC GAC CTC AT-3' for CCT-
312(A18) and 5'-AT GTCAGC TTT ATC AACGAA ... AAG
AGC ATC GAC CTC ATC-3’ for CCT-312(A32). The gap in-
dicates the site of deletion. The domain M truncations at codon
304, 293, 271, or 255 were generated by QuikChange mutagenesis
using primers that engineered a stop codon after the terminal
codon to be expressed. The template for these variants was
pET14b HisCCT-312 with the wild-type sequence. All CCT con-
structs in pET14b had a plasmid-derived sequence (MGSSH,SS-
GLVPRGSH) N-terminal to the CCT Met-1.

PAX142-CCT Full-length Constructs—The series of domain
M variants with serine or alanine substitutions at 6, 8, or 10
hydrophobic residues in the AI motif were created in the COS
cell expression vector pAX142. The pAX142 template used for
mutagenesis contained a full-length CCT-367 with a single cys-
teine at residue 288 (21). This version was used to incorporate a
fluorophore at one site in that work and has near-WT activity
(21). This construct also has an N-terminal His tag that adds the
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sequence MAKHEGRSA before the first methionine of CCT.
Using pAX142 HisCCT-367(5288C) as template, we created
pAX142 versions of CCT-367(6S) and CCT-367(6A) by making
serine or alanine substitutions at codons 285, 286, 289, 290, 292,
and 293 using mutagenic primers and QuikChange mutagene-
sis. We made CCT-367(8S) using CCT-367(6S) as the template
and engineering additional serine substitutions at residues 275
and 278. To make CCT-367(10S), we used the CCT-367(8S)
template and another round of QuikChange to engineer addi-
tional serine mutations at residues 272 and 274.

Bacterial Expression and Purification of CCT-312,
CCT-312(A18), and CCT-312(A32) for Crystallization

A single colony of Rosetta cells harboring the pET14b-CCT
plasmid was grown in 1 liter of LB medium with 0.3 mm ampi-
cillin and 0.1 mm chloramphenicol. After ~5 h at 37 °C, CCT
expression was induced with 1 mm isopropyl 1-thio-B-p-galac-
topyranoside and incubation at 20 °C for 3 h. Cells were har-
vested by centrifugation at 4500 rpm for 15 min and stored at
—80 °C. The frozen cell pellet (~1.7 g) was resuspended in 30
ml of lysis buffer (10 mm Tris, pH 8.0, 150 mm NaCl, 2 mm DTT,
0.2 mg/ml lysozyme, 1% Triton X-100, and 25 units of the
nuclease Benzonase). After incubation for 30 min at 4 °C, lysis
was completed by probe sonication with three maximum pulses
for 30 s onice. The crude cell lysate was centrifuged at 23,300 X
g for 30 min. The supernatant fraction (30 ml) was loaded onto
4 ml of nickel-agarose beads in a column equilibrated with EQ
buffer (10 mm Tris, pH 8.0, 150 mm NaCl, 2 mm DTT, and 25
mM imidazole). The beads were washed with 10 ml of EQ buffer
with 0.5 M NaCl and then with 10 ml of EQ buffer. The bound
His-CCT was eluted with 10 ml of EQ buffer containing 100 mm
imidazole followed by 4 X 10-ml volumes of EQ buffer with 350
mM imidazole. Elution fractions with the highest CCT purity
(assessed by gels) were pooled and further purified by ion
exchange chromatography. HisCCT-312 was purified by SP-
Sepharose, and HisCCT-312(A32) was purified by Q-Sephar-
ose. Columns (4 ml) were washed with 10 ml of EQ buffer fol-
lowed by 8 ml each of 200, 300, 400, and 500 mm NaCl in 10 mm
Tris, pH 8.0 and 2 mm DTT. The fractions containing purified
proteins were combined, concentrated, and buffer-exchanged
with 10 mm Tris, pH 8.0, 300 mm NaCl, and 2 mm DTT using a
15-ml centrifugal filter device with 30-kDa cutoff (Millipore).

Bacterial Expression and Purification of CCT Truncation
Variants

CCT-255, CCT-271, and CCT-293 were expressed in
Rosetta cells as described (23) with minor modifications. The
proteins were purified from the 20,000 X g supernatant using
nickel-agarose at 4 °C (23). The peak elution fractions were dia-
lyzed against 10 mm Tris, pH 7.4, 0.1 m NaCl, 0.15 mm Triton
X-100, and 2 mm DTT and were frozen at —80 °C. CCT-304
was insoluble and was isolated from the 20,000 X g pellet
fraction after urea denaturation, binding to nickel-agarose,
on-resin refolding, and elution with imidazole (21). Peak
fractions from the nickel-agarose column were dialyzed
against the above buffer prior to storage.
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Expression and Purification of Full-length His-tagged CCTs
from the COS Cell System

CCT cDNAs incorporated into pAX142 plasmids were
expressed in COS-1 cells using 48-h transfection (14). Cell pel-
lets were lysed by sonication in 20 mm phosphate buffer, pH 7.4,
0.25 mmM Triton X-100, 2 mM DTT, and a battery of protease
inhibitors (24). NaCl was added to 0.5 M, and the lysates were
sedimented at 20,000 X g for 10 min. HisCCT-367(8S) was
purified from this supernatant using nickel-agarose (23). His-
CCT-367(6A), -(6S), and -(10S) were mostly insoluble and were
purified from the 20,000 X g pellet after washing the pellet by
brief sonication in 10 mm Tris, pH 7.4, 0.5 M NaCl, 0.25 mm
Triton X-100, protease inhibitors, and 2 mm DTT; collecting
the insoluble material; and solubilizing it in 8 M urea. The urea-
denatured HisCCT-367(6A) was purified and refolded using
nickel-agarose chromatography (21). HisCCT-367(6S) and
-(10S) were highly enriched in the supernatant after urea solu-
bilization and were renatured slowly at 4 °C over ~24 h by
sequential dialysis against a 300-fold volume excess of 10 mm
Tris, pH 7.4, 0.1 M NaCl, 0.15 mm Triton X-100, and 2 mm DTT
containing 5 M urea followed by 2.5 M urea and finally 0.5 M urea.
The dialyzed sample was centrifuged 10 min at 20,000 X g, and
the supernatant was saved for analysis. Although these concen-
trated protein preparations contained 0.5 M urea (to maintain
solubility upon freeze-thaw), the urea concentration after dilu-
tion in the CCT activity assays was only ~4 mm. When assayed
in the presence of saturating concentrations of PC/PG vesicles
CCT-367(6S) and CCT-367(6A) had WT activity, suggesting
complete refolding.

CCT Enzyme Activity Analysis

All CCT variants were analyzed using a standard assay (23,
25) in which substrate concentrations are optimal for WT CCT
(16) in the absence or presence of egg PC/egg PG (1:1) sonicated
vesicles (26). Lipid concentrations were 0.25-0.5 mM for max-
imal activation depending on the variant. Kinetic constants
were obtained in separate trials where the CTP concentration
was varied from 0 to 36 mM while maintaining the phosphocho-
line concentration at 2 mm. The velocity versus CTP concentra-
tion curves were evaluated using Prism 4 software and were fit
to the Michaelis equation: V=V, __[S]/(K,, + [S]) where V..
is the velocity extrapolated to infinite [S] and K|, is the Michae-
lis constant. The constant k_,, was obtained by dividing the

cat

V max DY the molar concentration of the CCT.

Crystallization and Diffraction Data Collection of CCT-312 and
CCT-312(A32)

Both protein crystals were grown by the vapor diffusion
method at 22 °C in sitting drops composed of 1.5 ul of protein
and 1.5 ul of the reservoir (1 ml). HisCCT-312 (~0.2 mMm) with
2 mMm CDP-choline crystallized in 0.1 M MES, pH 6.5, 1.80 m
(NH,),SO,, and 3% dioxane. These rare crystals appeared
within 1 week and matured over 4 weeks. CCT-312(A32) (~0.4
mM) with 4 mm CDP-choline crystallized in 0.1 M Tris, pH 8.5,
20% PEG 10,000, and 0.2 M sodium citrate. These crystals read-
ily formed within a few days and matured over several weeks.
The CCT-312 crystals were frozen in 0.1 m MES, pH 6.5, 1.80 M
(NH,),SO,, 3% dioxane, and 20% glycerol. The CCT-312(A32)

asEveN
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crystals were frozen in 0.1 m Tris, pH 8.5, 20% PEG 10,000, 0.2 M
sodium citrate, and 30% glycerol. The diffraction data sets for
the CCT-312 and CCT-312(A32) crystals were collected at the
Canadian Light Source using Beamline 08ID-1 and 08IB-1,
respectively. The data sets were indexed and integrated using
iMosflm 1.0.4 (27) and were subsequently merged using Scala
(28) in the CCP4 Program Suite 6.1.3 (29).

Structure Determination and Refinement

Both structures were solved by molecular replacement using
Phaser (30) in CCP4 6.1.3 (29). For the CCT-312 8.0-A diffrac-
tion set, we initially used the CCT catalytic domain dimer
excluding water (7) (Protein Data Bank code 3HL4) as the
search model and found a molecular replacement solution that
revealed the catalytic domain as well as additional tubular elec-
tron density adjacent to the aFE helices. Subsequent model
building and refinement resolved additional continuous and
tubular electron densities that connected catalytic domains.
These were modeled as extended polyalanine helices. The final
model was tetrameric (dimer of dimers). After we had solved
the 3-A CCT-312(A32) dimer structure, we used it as a search
model for the 8.0-A data set instead of the CCT-236 structure.
The structural outcomes of the molecular replacement and
subsequent refinement were virtually the same. But there were
significant statistical improvements. Both the log-likelihood-
gain (LLG) score in Phaser and R, ,/Ry... values in REFMAC
improved. The crystal structure had four dimers in the asym-
metric unit, a very high calculated solvent content of 77.7%, and
a Matthew’s coefficient of 5.5 A%/Da (31). For CCT-312(A32),
the molecular replacement solution placed one dimer in the
asymmetric unit, and the structure had a calculated solvent
content of 52.4% and a Matthew’s coefficient of 2.6 A®/Da. For
both structures, the membrane binding domain and AI motifs
were built by several iterated cycles of manually fitting the cor-
responding electron density using the program Coot (32) fol-
lowed by refinement using PHENIX (33) and REFMACS5 (34).

CD Analysis of the Secondary Structure of CCT-312 in Solution

CCT-312 (2 um) in 0.22 um-filtered 50 mm phosphate buffer,
pH 7.4 was incubated for 2 min at 25 °C without or with lyso-
PC/egg PG (4:1, mol/mol) micelles (19). CD spectra were
recorded using a Jasco J-810 spectropolarimeter at 25 °C in a
cell of 0.5-mm path length at a scanning rate of 100 nm/min and
a bandwidth of 1 nm. Spectral resolution was 0.5 nm, and three
scans were averaged per spectrum. All spectra were smoothed
and corrected for the appropriate backgrounds (buffer or buffer +
micelles) and were converted to units of molar ellipticity. Pro-
tein concentrations were determined by absorbance at 280 nm
and calculated extinction coefficients. Secondary structure
content was deconvoluted from the CD spectra by CDPro and
protein reference set 7, which includes 43 soluble and five dena-
tured proteins (35).

Molecular Dynamics Simulations

Simulations with and without CDP-choline were based on
rat CCTa-236 (Protein Data Bank code 3HL4) (7) residues
40-236. CDP-choline was parametrized in a two-step process.
We used Protein Data Bank code 3HL4 as a starting structure
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for density functional theory calculations through the “RESP
ESP charge Derive Server” (R.E.D. Server) (36). The results were
ported to the general AMBER force field (37) for the CDP-
choline molecule for use with AMBER protein force fields. For
testing the effects of bound Al motifs, the starting structure was
the 3-A CCT-312(A32) in this study. Two systems were created,
one with and one without the bound Al helices. Neither of these
contained bound CDP-choline. Al peptides were embedded in
the starting structure as separate chains, and their termini were
charged.

All simulations used version 4.6 of the GROMACS MD pack-
age (38) with the AMBER99SB-ildn atomistic force field (39)
and the TIP3P (transferable intermolecular potential 3P)
(transferable intermolecular potential 3P) model for water (40).
All systems were hydrated to ~1.2 nm around the dimer using
dodecahedron-shaped periodic boundary conditions. The sys-
tems were neutralized with an excess of Na™, and the water was
ionized to create a 0.15 M NaCl solution. The simulations were
performed in an NPT ensemble with 7= 310 Kand P = 1 atm.
The temperature was held constant using the stochastic “v-res-
cale” thermostat with a coupling parameter of 2.0 ps (41), and
the pressure was maintained by isotropic “Parrinello-Rahman”
coupling (42) with a 7, of 5.5 ps and a compressibility of 4.5 X
107 ° bar~'. Bonds were constrained using the LINCS algo-
rithm (43) with a 2-fs time step. The van der Waals potential
was cut off at 1.4 nm after being switched at 1.2 nm, and the
electrostatic potential was also cut off at 1.4 nm to use the Ver-
let neighbor searching algorithm. Particle mesh Ewald (44) was
used for long range electrostatics with a grid spacing of 0.1 nm.
The CCT-236 simulations were equilibrated for 200 ps before
analysis. The CCT-312(A32) systems were equilibrated for 10
ns to test the stability of the binding between the AI and oE
helices. All systems were then evolved for a 200-ns production
run, sampling every 5 ps. The finished trajectories were fitted
(translated and rotated with solution removed) to the very sta-
ble B-sheets of both monomers. Trajectories were analyzed
with VMD molecular visualization software (45) and GRO-
MACS tools.

The structures reported here have been deposited with
the Research Collaboratory for Structural Bioinformatics
(RCSB) under Protein Data Bank codes 4MVC (CCT-
312(A32) and 4MVD (CCT-312).

RESULTS

In the CCT Soluble Form (CCT,,,) the Al Segment Suppresses
k,../K,,—We previously showed that deletion of the segment
between residues 272 and 293 generated a desilenced CCT,
with a maximal velocity nearly identical to that of the deletion
of the entire regulatory tail (16). This result suggests a primary
autoinhibitory role for the motif. However, one could argue
that a large deletion within a domain could disrupt the struc-
ture and interactions of the whole domain. To further define
the boundaries of the AI motif, we constructed a series of
systematic truncations to test the role of the positively charged
N-terminal portion of the M domain (CCT-255), the non-con-
served midsection of domain M (CCT-271), and the Al motif
(CCT-293 and CCT-304) (Fig. 1A). We determined the k_,, and

cat

CTP K,, values for these CCTs in the absence of lipids.
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FIGURE 1. The presence and amphipathy of the Al segment correlate with catalytic silencing. A, domain structure of rat CCTa and the sequence of domain
M and linker to region P showing the properties of the subregions. The yellow shaded box encompasses the autoinhibitory segment, which is a helix-turn in our
solved structure. Amino acids are color-coded: red, acidic; blue, basic; green, polar; black, non-polar; orange, glycine and proline. Band C, effect of truncations
on k., (B) and CTP K,,, (C). The colored bars above the data represent the subregions of domain M/linker. Kinetic constants were determined in the absence of
lipids using purified enzymes and variable CTP concentrations. The data are means =+ 95% confidence interval. In B, the error bars are within the symbols. The
dashed lines are guides only. D, hydrophobic residues (asterisks) in the Al motif were substituted with Ala or Ser for analysis of effects on CCT activity. E, silencing
correlates with hydrophobicity and amphipathy of domain M. Residues 240 -293 were analyzed with HELIQUEST (62) as canonical a-helices. The activities were
assayed using the standard conditions in the absence and presence of saturating concentrations of egg PC/PG (1:1) small unilamellar vesicles. The ratio of these
two values (*+lipid) for each mutant was plotted as a function of domain M hydrophobicity (top panel; R? = 0.91) or helical hydrophobic moment (bottom panel,
R? = 0.90). The data in panel E are means =+ S.D. of at least three independent determinations. Maximal lipid-stimulated activity values for these variants ranged

from 35 to 100% of fully active CCT-367.

Upon loss of the segment between residues 312 and 271, k_,,
values for the CCT soluble form transitioned from silenced
(0.5 s7') to the partially active rate (~ 3 s™') characteristic of
CCT-236 (Fig. 1B). The construct ending at residue 271 showed
a higher k_,, than did CCT-255 or CCT-236, perhaps reflecting
different consequences of specific truncation sites on protein
dynamics. Loss of the Al segment was linked to a transition in
the CTP K, from ~9 to ~5.5 mwm (Fig. 1C). Thus, the presence
of the Al segment suppresses k_,,/K,, by about 10-fold. How-
ever, the kinetic parameters of the full-length soluble enzyme
were achieved only when the segment between residues 293
and 312 was intact. These results strengthen previous results
implicating a key silencing role for the AI motif (16) but suggest

additional participation of the flanking segment between resi-
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dues 293 and 312. For comparison, fully active, membrane-
bound CCT (CCT,,,.,,,) featuresa k_,, valueof ~13s 'anda K,
of 0.5-1 mm.

The Hydrophobicity and Amphipathy of the Al Segment Are
Important for Silencing Function—The most conserved feature
of the Al segment is the spacing of hydrophobic residues, which
tend to be aromatic and/or bulky (Fig. 1D). The effects of sub-
stitution of sets of these to alanine or serine on the lipid-inde-
pendent specific activities (expressed as a fraction of maximal
activity obtained with saturating concentrations of lipid) of full-
length CCT constructs (CCT-367) are shown in Fig. 1E. As the
hydrophobicity of domain M was reduced by mutation, the
fractional lipid-independent activity increased from 0.03 (WT
CCT-367) to 0.18 (CCT-367(10S). Thus, silencing function
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FIGURE 2. Specific activity of CCT-312 and constructs with leash deletions. A, domain M sequences of CCT-312 and deletion mutants. B, the specific
activities of the various purified CCTs were determined using the standard assay. CCT-367 refers to full-length WT CCT. The lipid vesicles were composed of egg
PC/egg PG (1:1). Note the y axis scales differ by 10-fold in the two graphs. Data are means = range of two independent experiments. C, standard activity assay
in the presence of variable egg PC/egg PG (4:1) vesicles. The error bars in panel C represent the range of duplicate determinations. The data were fit to models,

and the V,,,,, and EC;,, values were obtained using GraphPad Prism.

TABLE 1
Data collection, molecular replacement, and refinement statistics

ASU, asymmetric unit; Ave., average. The data collection statistics in parentheses are the values for the highest resolution shell.

CCT-312 crystal”

CCT-312(A32) crystal

Data collection

Wavelength (A) 1.105 0.979
Space group P4, P2,
a, b, c (A) 107.78, 107.78, 575.71 87.26, 44.55, 97.13
a B,y () . 90.0, 90.0, 90.0 90.0, 111.21, 90.0
Resolution (A) 107.8-8.0 (8.4-8.0) 40.0-3.0 (3.16-3.0)
Roerge 0.18 (0.66) 0.14 (0.34)
o 0.08 (0.28) 0.09 (0.21)
Completeness (%) 100 (100) 92.2 (92.3)
Total reflections 45,866 (6,780) 45,086 (6,561)
Unique reflections 6,964 (1,018) 13,084 (1,901)
Multiplicity 6.6 (6.7) 3.4 (3.5)
Mean (I)/o(I) 9.3(3.0) 7.0 (3.3)
Average mosaicity 1.0 19
Refinement statistics
Refinement method Rigid body PHENIX restrained
Protein molecules in ASU 8 2
Water molecules 21
Protein residues 2,021 432
Total number of atoms 10,256 3,202
Ry Reree ) 0.38/0.41 0.22/0.29
Ave. B-factor (all atoms) (A%) 32.5 35.40
Ave. B-factor (CDP-choline) (A?) 32.05
r.m.s.d. bond angles (°) 0.96
r.m.s.d. bond length (A) 0.004
Ramachandran plot
Most favored (%) 97.6 95.3
Additionally allowed (%) 2.4 4.8
Disallowed (%) 0.0 0.0
PDB ID code 4MVD 4MVC

“The iniﬂtial solution for the CCT-312 diffraction set was obtained using CCT-236 structure (Protein Data Banl§ code 3HL4) as a search model. Subsequent to the solution of
the 3-A CCT-312(A32) structure (Protein Data Bank code 4MVC), it was used as the search model for the 8-A data set for CCT-312, which afforded a better fit to the ex-

perimental density. The parameters in this table are derived from the latter process.

clearly correlates with hydrophobicity of the Al Silencing func-
tion also correlated with the amphipathy value (Fig. 1E, lower
panel), consistent with an amphipathic helix structure for the
AI motif. The fractional lipid-independent activity for CCT-
367(10S) was only 0.18 compared with 0.27 for a CCT with a
deletion of the entire Al segment (16) or 0.44 for CCT-271
truncated just before the AI motif. These data suggest that
although the hydrophobic residues within the Al segment con-
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tribute to catalytic silencing there are likely other interactions
that participate.

The Crystal Structures of CCT312 and CCT-312(A32) Show a
Four-helix Bundle Interaction Involving the Al and oE Helices—
To understand the mechanism for silencing by the Al segment,
we sought to obtain the structure of CCT-312. CCT-312, which
is missing only the disordered phosphorylation (P) region, has
catalytic and regulatory properties similar to full-length CCT
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A A238-269
1 40 223 312
122-127 202-223  275-295

ChainA

FIGURE 3. Structure of CCT-312(A32) dimer reveals the interactions of the
Al segment with oE helices and loop L2. A, in the schematic diagram, the
resolved portions of each monomer are shown in boxes, and unresolved por-
tions are in dashed lines. B, structure of residues 40-223 and the Al segments
(residues 275(276)-295). The linkers between the end of the «E helices and
the start of the Al helices are unresolved. CDP-choline is shown in stick
presentation.

(Ref. 22 and Figs. 1, B and C, and 2). Extensive screens with

CCT-312 generated only poorly diffracting crystals, one of

which generated an 8-A diffraction data set. To obtain crystals
with better diffraction quality, we screened CCT-312 variants
with various deletions from the disordered leash portion of
domain M. Deletion of the 18-residue (residues 252—269) non-
conserved portion of the leash (CCT-312(A18)) had minimal
impact on silencing or lipid activation (Fig. 2), indicating that
this portion of the leash is dispensable for regulation of activ-
ity. However, crystallization trials were unsuccessful. CCT-
312(A32) missing 32 residues (residues 238 —269) from both the
non-conserved and polybasic sections of domain M readily
crystallized in the presence of CDP-choline. This construct
showed strong silencing in the absence of lipid and partial acti-
vation in the presence of excess lipids (Fig. 2B). The lack of full
activation is likely because the abbreviated M domain only
weakly binds the membranes. Titrations with PC/PG (4:1) ves-
icles showed equivalence among CCT-367, CCT-312, and
CCT-312(A18) but a 10-fold higher EC,, for CCT-312(A32)
(Fig. 20).

A CCT-312(A32) crystal generated a 3-A resolution diffrac-
tion data set that was solved by molecular replacement using
CCT-236 (Protein Data Bank code 3HL4) (see Table 1). The
asymmetric unit was a dimer. The resolved portion of this
dimer encompasses the catalytic domains and the Al segments
of domain M (Fig. 3A4). The segments linking the end of the oE
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312

223

202-223 226-275 278-295

Catalytic
domain

\J
7

Al-heli:"i;' 218

312tetramer. A, top panel,in the schematic diagram, the resolved portions of
each monomer are indicated by boxes, and unresolved segments are in
dashed lines. Bottom panel, refined molecular replacement solution using the
3-A CCT-312(A32) as the search model. The (2F, — F,) electron density map
corresponding to a tetramer is shown with two dimers colored blue and red at
1.5 . The model is composed of four separate chains (black, orange, green,
and yellow). Structural elements are labeled for the black chain (chain A). B,
close-up of the catalytic domain shows the positioning of the C-terminal Al-1
segment (green) antiparallel to the helix aE (black) and its end (estimated to
be Pro?%?) immediately adjacent to loop L2 (black). A nearly identical struc-
tural model was generated using CCT-236 as the search model and subse-
quent refinement.

helices to the AI helices are not resolved, which is indicative of
their disorder. Because of this, there is uncertainty in assign-
ing the two Al helices to chain A or B. We refer to them as
AI-1 (resolved residues 275-295) and AI-2 (resolved resi-
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FIGURE 5. CD analysis of the secondary structure of CCT-312. A, CD spectra
of CCT-312 (2 um) in phosphate buffer without or with lyso-PC/egg PG (4:1,
mol/mol) micelles. L/P, lipid/protein molar ratio; deg, degrees. B, deconvolu-
tion of the CD spectra shown in A by CDPro. The average percent secondary
structure £S.D. for the results of three separate deconvolution programs
within the CDPro suite is shown. Blue bars, no lipid; red bars, +lipid. The anal-
yses were repeated on a separate preparation of CCT-312 with very similar
results.

Percentage content %

dues 276-295) (see Fig. 3B). Each Al helix interacts with
both «E helices, and together they form an antiparallel four-
helix bundle near the opening of the active site. The two Al
segments have very similar conformations with a bend at
Lys*!, AI-2 is unraveled between residues GIn*’® and
Trp?”®. Each Al helix ends in a sharp turn at ?°*GP (the
Al-turn), which interacts with loop L2 at the mouth of the
active site (discussed below).

The Al positioning in the CCT-312(A32) structure is not an
artifact of the large domain M deletion. A very similar Al-aE-L2
interaction is found in CCT-312 with no deletion. We initially
used the 2.2-A CCT-236 structure and subsequently the 3.0-A
CCT-312(A32) structure as a search model for the 8.0-A data
set of CCT-312. Both yielded very similar molecular replace-
ment solutions and refined models (Fig. 4 and Table 1). But
there were significant statistical improvements using CCT-
312(A32), indicating that the CCT-312(A32) structure was
the more accurate search model. This suggests that the posi-
tioning of the AI segments in the CCT-312(A32) structure
reflects the positioning of those of the CCT-312 with a com-
plete M domain.

JANUARY 17,2014 +VOLUME 289-NUMBER 3
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FIGURE 6. Specific contacts between the Al segment and «E helix/loop L2
in the catalytic domain. A, position of residues in one Al helix that engage
the binding site on the catalytic domain. Residues contributed by Al and «E
are shown in black and white, respectively. Chain A, gray; chain B, wheat. B,
asymmetry in the network of polar interactions at the base of the Al-aE bun-
dle. Left panel, Al-1 (green); right panel, Al-2 (yellow). C, interactions at the Al-L2
interface involve backbone contacts. The H-bond between the Met*?? car-
bonyl (pink sphere) at the C terminus of the Al helix (green) with the NH at
Phe'2* (blue sphere) in loop L2 is highlighted. See also Tables 2 and 3.

Unexpectedly, the refined CCT-312 structure revealed a
tetrameric complex (a dimer of dimers) with the M domains in
mostly full a-helical conformation extending directly from the
aE helices of one catalytic dimer to the active site of another
dimer (Fig. 4). The M helices of the two dimers interact to form
a very long and loose antiparallel four-helix bundle. Gel filtra-
tion of this same preparation of CCT-312 showed a mixture of
dimer and tetramer species. CD analysis showed a large
increase in helical content (~52 residues) induced by lipid
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TABLE 2
Interactions among the Al, «E, and L2 segments

Residues in the interacting face of the AI-1 segment are listed in column 1, and the residues in the catalytic domain with atoms located within 4 A of each AI-1 residue are

listed in the other columns. For the AI-2 segment the residues on each chain would be the reverse. Except where noted (*,**), all interactions are side-chain van der Waals
contacts. ¥, Hydrogen bonding side-chain interaction. **, Interaction between backbone atoms.

«E helices
Al segment 1 L2 chain A Chain A Chain B
Pr0295 LYSIZZ
Gly294 LYSIZZ
Phe?”? Phe'>*, Val'® 1e*
Met292 G1y123’ Phelzll**, Ph8124 TyrZIG
Leu®° Ser®®?, 11e*°°, Thr**”
Phe289 ValZlO 116209, ASPZlZ, Tyr213, Tyr216
SerZBS* TyrZIG*
Ile286 Thr207, ValZlO, Arg211 T r213
Phe285 Tyr213, A13217, ASHZZO’ Leu221
Ser282* ArgZIS*
Trp278 Asp214* ArgZIS LeuZZl Ala217 LeuZZl
TABLE 3 solvent did not have strong densities, reflecting the absence of

Polar interactions between the oE helices and Al helices
The interactions are non-equivalent for the two Al segments.

Al-1 Helix oE A Al-2 Helix oE A
Ser*®® Oy Tyr?’* OH* 2.4
Ser*®> Oy Arg?®*Nml 36  Ser®™® Oy Arg?®*Nm2 33
Asp”'* 082 25
Trp*”*Nel — Asp’* 081 26  Trp®Nel  Asp?’* 081 3.0
Arg?®*Nn1 3.8 Asp** 082 3.8
Trp*”® O Arg?®*Nnl 3.2

“ Residue in helix «E of the opposite chain.

micelles (Fig. 5). These data suggest that in solution the domi-
nant CCT-312 dimeric form has mostly disordered M domains
and is refractory to crystallization and that only the tetrameric
species with its ordered M domains was amenable to crystalli-
zation in the given condition. Despite the unexpected M
domain arrangement, in both refined tetrameric models, the
density for the C-terminal ~15 residues of each M helix rests
against the «E helices and terminates at the L2 loop. We can
assign these terminal residues to the Al segment as the density
can be traced continuously from «F as an extended M helix of
known sequence (Fig. 4).

The Al-oE Helical Interaction Involves Hydrophobic and
Polar Contacts—Two oF helices and loop L2 create a shallow
elongated binding cavity for each AI segment. The residues
contributing to the cavity are indicated in Fig. 64 and Table
2. The aE helices are longer than observed in the structure of
CCT-236 where the visible density ended at residue 215
(chain A) or 216 (chain B) (7). This suggests stabilization of
the «E helices by the interacting Al helices. The AI helix, an
amphipathic helix with a conserved hydrophobic face and a
less conserved polar face, uses the oE hydrophobic cavity to
bury its aromatic residue-rich non-polar face. The mutagen-
esis results of Fig. 1E support a silencing function for these
interactions. The specific contacts between residues in the Al
and oF helices are described in Tables 2 and 3. The van der
Weaals interface between the helices is rather loose, featuring
ridges-into-grooves packing involving mostly bulky side chains.
There are no aE-Al packing interactions involving backbone
contacts. In total, 30 hydrophobic side chains, including 12 aro-
matic side chains, are sequestered partially or fully away from
water in the formation of the aE-Al four-helix bundle (Table 2).
Most of the charged side chains in the Al segment facing the
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constraining interactions.

Although the interacting surfaces in the four-helix bundle
that forms from two «E and two Al helices are mainly hydro-
phobic, there is a network of polar interactions near the base of
the bundle (Fig. 6B). Both Al helices feature Trp*”® and Ser*®*
contacts with the «F residues Asp>'* and Arg>'®, respectively.
However, there is variation in the H-bonding network in AI-1
versus Al-2 due to different side chain rotamers for Asp>'%,
Ser®®?, and Ser®®®. In AI-1, Ser*®*® makes a novel H-bond to
Tyr*'®in oF of chain B. In AI-2, Ser?*> makes a novel H-bond to
Asp®'* in oF of chain B (Fig. 6B and Table 3). Thus, there may
be more than one low energy binding interaction between the
Al and the «E, and two have been captured in our structure.

The Al Segment Makes Direct Contact with Loop L2—The
C-terminal end of the AI helix and Al-turn at *>MFGP?*** is
juxtaposed with residues '**KGF'** of loop L2 (Fig. 6C). The
backbone of the AI helix-turn at Met*%, Phe®?, and Gly*** are
within H-bonding distance of backbone atoms at Phe'** and
Lys'*?inloop L2 (Table 2). At the C terminus of the AT helix,
the interaction surface contributed by the catalytic domain is
sparse. Two hydrophobic residues at the end of the AI helix,
Met*** and Phe*??, interface only loosely with the side chain
of Phe'** in L2. The bulky side chain of Tyr*'® in helix aE
may serve to guide the AI helix-turn to contact the L2 loop.

The Architectures of the CCT-312(A32) and CCT-236 Active
Sites Are Similar—An overlay of the active sites of the partially
active CCT-236 (Protein Data Bank code 3HL4) and the totally
silenced CCT-312(A32) are surprisingly similar (Fig. 7A). We
were anticipating that at a minimum in CCT-312(A32) the L2
loop would be displaced to realign Lys**2. One explanation
for the similarity is that the bound CDP-choline ligand can
dictate the positions of the active site residues, essentially over-
riding the effects of the bound AT helix. Active site ordering by
CDP-choline is supported by molecular dynamics simulations
of CCT-236 with and without CDP-choline (Fig. 7, B—D). Root
mean square fluctuation analysis of all backbone atoms during a
200-ns simulation revealed high mobility in active site elements
L1, L2, L4/aD, and L6/«E (Fig. 7B). A CDP-choline stabilizing
effect was observed for these mobile elements except for the
C-terminal portion of helix aE, which unraveled in both simu-
lations (Fig. 7, B and C). Stabilization was most pronounced for
loop L2 (Fig. 7, C and D). During the simulation in the absence
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FIGURE 7. Similarity of active site architecture between silenced and desilenced CCT may be due to the ligated CDP-choline. A, overlay of the
active sites of CCT-312(A32) (gray) and CCT-236 (cyan; Protein Data Bank code 3HL4). Key active site residues are labeled, and CDP-choline is in the
central cavity. B-D, MD simulations. B, fluctuation analysis of all backbone atoms of CCT-236 in the absence (black line) and presence of CDP-choline (red
line). Mobile active site structural elements are displayed as bars above the sequence. Data are from 40,000 5-ps frames and show the average root mean
square (RMS) fluctuation (RMSF) over a 200-ns simulation using GROMACS 4.6. The CCT in each frame was aligned to the stable 3-sheet backbone of both
subunits to eliminate effects of whole molecule translation and rotation. The inset reports the difference in average fluctuation between the two sets,
and statistically significant A values are in magenta. C, image of the CCT-236 catalytic dimer color-coded on one subunit to show the effects of
CDP-choline on the root mean square fluctuations of backbone atoms. Blue, no effect or small destabilization by CDP-choline. Blue — white — red

represents the degree of stabilization afforded by CDP-choline (green); stabilized elements are labeled. The side chain of Lys'??is shown in sticks (yellow).

The image was generated using VMD software and the data in B. D, fluctuation analysis of the backbone atoms of loop L2 over 200-ns simulation time
in the absence (black) or presence (red) of CDP-choline.

of CDP-choline, the active site residues Arg"*® (L6) and Lys'**  remained bound to the «E helices to maintain a stable bundle of
(L2) quickly reoriented from their starting position (facing four a-helices. As aresult, the Al-turn remained in contact with
the phosphates of the CDP-choline) to more solvent-ex- loop L2 for the full duration. In the presence of the Al the
posed positions. The lysine side chain then fluctuated dynamics of the loop L2 backbone, monitored as root mean
through many orientations during the simulation. In the square deviation (r.m.s.d.) from the starting structure, showed a
presence of CDP-choline, Lys'?? remained pointing into the ~~1-A reduction in r.m.s.d. and a dramatic reduction in fluctu-
active site during the entire 200 ns. The backbone fluctua- ations (Fig. 8A4). The restraining interaction of the Al-turn on
tions in loop L2 were reduced for the entire loop in the pres- L2 was mediated by backbone contacts as in the crystal struc-
ence of CDP-choline with the exception of backbone atoms  ture and by side chain interactions between Phe'** in L2 and
at the Gly'*®* Ca and Phe'?* carbonyl carbon (Fig. 7D). If Met***> and Phe**? in the Al helix.

CDP-choline can dictate the arrangement of the active site, This Al-turn-L2 interaction had profound consequences on
then a ligand-free structure might reveal a more accurate the orientation of the Lys'** side chain. During the simulation
effect of the bound Al segment. without the Al segment, the Lys'** side chain sampled multiple,

MD Simulations Reveal That the Al Helix Forges Interactions  but preferred, orientations (Fig. 8B). In the first ~60 ns of the
with Loop L2 That Constrain Lys'*? Orientations—Simulations ~ simulations with the Al helices, the Lys'** side chains at both
of the CCT-312(A32) dimer were performed using starting active sites forged intermittent interactions with the backbone
structures with the AI helices present or removed. The ligand  of the AI-turn. Then between 60-70 ns, the hydrophobic pair,
CDP-choline was not included in the 210-ns simulations. For ~ Phe®? in the AI helix-turn and Phe'** in the L2 loop, assumed
both simulations, fluctuation analysis of all backbone atoms new rotameric states that resulted in a more intimate contact
revealed high mobility in the active site loops and helix aE asin  between them and positioned their carbonyl oxygens for inter-
the simulations of CCT-236. We focused on Al-dependent action with the Lys'** e-amino (Fig. 8, C and D). This interac-
changes in the «E helices and L2 loop as these form the AI  tion remained intact for the duration of the simulation in chain
binding site in the solved structures. In the absence of the Al B and for ~20 ns in chain A. The Lys'*” side chain positioning
segments, portions of the oE helices unraveled locally within 20  continued to be constrained in chain A by a fluctuating contact
nsand did not reform over the duration of the simulation. Inthe  primarily with the Phe**® carbonyl. Thus, the Lys'** side chain
simulations with the AI segments included, the AI helices became trapped in a more stable polar interaction with the
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FIGURE 8. MD simulations of CCT-312(A32). The effect of Al segment on loop L2 and Lys'?? dynamics is shown. A, r.m.s.d. analysis of the ensemble of
all atoms of the loop L2 backbone (residues 121-128) in the absence (red) or presence (black) of the Al segments. The analysis without the Al included
24 atoms from chain A. Chain B analysis was discarded because in the absence of the Al the unraveled «E inserted into the mouth of the active site,
constraining the dynamics of L2. The analysis with the two Al segments included both chains (48 atoms). B and C, snapshots showing the time-depen-
dent change in orientation of Lys'?2. Structures captured every 20 ns were overlaid in PyMOL to show positional change during the 210-ns simulation.
B, no Al. C, with Al-2 (GIn?”°~Pro?°®). Loop L2 and Lys'?? positional shift is denoted by shades of gray. D, repositioning of Phe??® and Phe'?* accompanies
the formation of a polar interaction between Lys'?? e-amino and the backbone carbonyls at these phenylalanines. This interaction in chain B is stable for
>130 ns. E, time-dependent distance analysis (obtained using VMD software) between the e-amino atom of Lys'?? and two backbone atoms near the
docked Al helix-turn, Phe'?* carbonyl oxygen in loop L2 (top panel) and Ser?°® nitrogen in the N terminus of the «E helix (bottom panel). The positions
of these backbone atoms are shown in Band C. Red, no Al present; analysis on chain A only; blue, analysis of chain A with Al-1 bound; black, analysis of

chain B with Al-2 bound.

Al-turn. These effects of the Al on the dynamics and position-
ing of Lys'®? were also revealed in an analysis of the distance
fluctuations over time between two backbone atoms located in
the vicinity of the Al-turn: the Phe'** carbonyl oxygen and
Ser?°® amide nitrogen (Fig. 8E). The effects are consistent with
a movement of the Lys'*? side chain and e-amino group toward
the Al-turn where it localizes between the carbonyls of Phe**?
in the AI-turn and Phe'?* in the L2 loop.

DISCUSSION

Of the many enzymes that have autoinhibitory domains that
double as membrane-binding motifs, there are only a few for
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which the switching mechanisms between silenced and acti-
vated states are understood at a detailed structural level, includ-
ing the protein kinases PKC and PKB and the GTPase exchange
factors B2-chimerin and Grpl (1, 46 —48). These proteins use
modules that bind a lipid monomer within the membrane, such
as Cl domains for diacylglycerol or pleckstrin homology
domains for phosphatidylinositol 4,5-bisphosphate. Among
the class of amphitropic proteins that rely exclusively on lipid-
induced amphipathic helices for membrane binding, the switch
mechanism has been elucidated at the atomic level only for
pyruvate oxidase from Escherichia coli (49, 50). In that enzyme,
the autoinhibitory C-terminal 40 residues take on a mixed
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a/B + extended tail structure that occludes most of the active
site and dislocates a key active site residue, Phe*®®, that in the
activated form likely mediates electron transfer between
bound cofactors (49). This inhibitory structure reorganizes
to form a linker and an amphipathic helix in the membrane-
bound state (50). Our analysis of CCT suggests an autoinhi-
bition mechanism, like that of pyruvate oxidase, involving
substrate occlusion and dislocation of a key active site resi-
due, but there are also substantial differences, such as the
intrinsically disordered nature of a large portion of the reg-
ulatory M domain.

The mechanism of autoinhibition by the CCT domain M that
is emerging involves an ordered, autoinhibitory amphipathic
helix on a flexible leash. A structureless leash, suggested by
previous spectroscopic evidence (19-21), is supported by the
lack of density for domain M residues outside of the Al helix in
our 3.0-A structure of the CCT-312(A32) dimer. Although the
CCT-312 tetrameric structure showed an ordered helical
conformation for the entire M domain, we have argued
above that this represents a minor conformer in the ensem-
ble that was more amenable to crystallization. The leash does
not directly mediate catalytic silencing as deletion of 18 leash
residues did not increase lipid-independent activity. The
aE-Alsilencing interaction, previously based on low resolu-
tion methods (16, 21), is strengthened by the interactions
revealed in both new x-ray-derived structures.

The major autoinhibition mechanisms that have been elu-
cidated for allosteric enzymes include () direct steric block
of active sites using pseudosubstrate motifs (51) or unoccu-
pied ligand binding domains (46), (b) allosteric clamping of
the active site in “closed” or non-productive configurations
by unoccupied ligand binding domains (47, 52), and (c) dis-
abling of the active site by dislocating a key substrate-bind-
ing element (46, 53). There is also evidence that allosteric
mechanisms can impact protein dynamics without a change
in structure (54). Our data are compatible with a combina-
tion of these strategies contributing to autoinhibition by the
CCT AI helix.

The rate-limiting step in the overall catalytic mechanism is
not known for CCT. The reduction in k_,/K,, by the Al
helix-turn implies an impact on the rate associated with the
capture of substrate into a productive ES complex, but the
product release step could also be inhibited by the AI helix-
turn. Fig. 9 illustrates how the opening to the active site is
partly covered when the Al segment binds to the «E helices;
thus, substrate access and/or product release could be
restricted. The interaction of the AT helix-turn with loop L2
is also likely to contribute to its inhibitory mechanism by
clamping L2 in a non-productive orientation and/or by con-
straining its dynamics. This interaction is backbone to back-
bone and may be stabilized by a cluster of hydrophobic inter-
actions involving residues from the Al-turn and L2 in
addition to the stable four-helix bundle. Molecular dynamics
simulations probing the effect of the bound AI segment sup-
port a role for this hydrophobic cluster. We propose that this
interaction impedes loop L2 movements and constrains the
conformational space of the key catalytic residue on loop L2
during a catalytic cycle.
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Al segment

FIGURE 9. The Al segment occludes part of the opening to the active site.
Chain A of CCT-312(A32) (gray) and its active site is shown with chain B
(wheat) in surface rendering without (A) and with (B) the docked Al segment-1
(green). Loop L2 is in cyan.

The evidence for loop L2 movement during a catalytic
cycle is from a comparison of bacterial glycerol-phosphate
cytidylyltransferase structures with CTP bound versus CDP-
glycerol product bound that revealed a ~3-A displacement
of loop L2 backbone into the active site to engage the prod-
uct (55). This loop closure may facilitate the transition state
by bringing the e-amino group of the Lys'>* analog into con-
tact with both the a-phosphate of CTP and the phosphate
oxygen of the attacking nucleophile (55). It would also
exclude water, optimizing the electrostatic interactions
between the anionic substrates and basic active site groups
(56). After the reaction, loop L2 would open to release prod-
uct. The interaction of the Al-turn could hamper any of
these loop movements.

Spectroscopic measurements of active site loop closure and
opening dynamics have yielded correlation times ranging from
ns to hundreds of us (56 —60). The time scale of the MD simu-
lations we conducted (200 ns) did not capture the full L2 loop
displacement. However, the simulations did reveal a profound
and unanticipated effect of the AI-L2 interaction on the posi-
tioning of Lys'?%: the AI-L2 contact reorganizes a cluster of
hydrophobic residues contributed from both segments that sta-
bilizes a polar contact between the Lys*** e-amino and a back-
bone atom of the Al-turn. Whether this trap for the catalytic
lysine would impact its interaction with substrates will be
probed by additional simulations in the presence of individual
substrates and products.

Our analysis thus far suggests a plausible silencing mecha-
nism that explains the effect of the AI helix-turn on the devel-
opment of a kinetically productive ES complex leading to prod-
uct formation (k_,,/K,,,). Displacement of the Al segment upon
engagement with membranes would disrupt the inhibitory
interaction that blocks the opening to the active site and con-
strains the movements of loop L2 and Lys'**.

CCT is up-regulated in ras-transformed epithelial cells and is
required for maintaining transformed cells in an anoikis-resist-
ant state (61), a prerequisite for metastasis. Establishing the
mechanism of autoinhibition of CCT is important for develop-
ing inhibitors based on the Al motif that might be developed as
potential suppressors of metastasis.
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