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Abstract: b-Lactams are the most commonly prescribed class of antibiotics and have had an

enormous impact on human health. Thus, it is disquieting that an enzyme called New Delhi
metallo-b-lactamase-1 (NDM-1) can confer Enterobacteriaceae with nearly complete resistance to

all b-lactam antibiotics including the carbapenams. We have determined the crystal structure of

Klebsiella pneumoniae apo-NDM-1 to 2.1-Å resolution. From the structure, we see that NDM-1 has
an expansive active site with a unique electrostatic profile, which we propose leads to a broader

substrate specificity. In addition, NDM-1 undergoes important conformational changes upon

substrate binding. These changes have not been previously observed in metallo-b-lactamase
enzymes and may have a direct influence on substrate recognition and catalysis.
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Introduction
b-Lactam antibiotics such as the cephalosporins and

carbapenems remain the largest class of clinically

used antibiotics worldwide.1 b-Lactams act by inhibi-

ting cell wall biosynthesis, leading to membrane

lysis and bacterial cell death. Specifically, they

attenuate peptidoglycan biosynthesis by inhibiting

the transpeptidase enzymes, involved in crosslinking

adjacent peptidoglycan strands via their pentapep-

tide repeats.2 This strategy for antibiotic treatment

has been very successful largely because of limited

toxicity, excellent bioavailability, and broad activity.3

Unfortunately, bacteria have gained broad-spec-

trum resistance to b-lactam antibiotics, resulting in

devastating treatment issues. An important cause of

high-level bacterial resistance is the expression of

enzymes called b-lactamases, which hydrolyze the

four-member lactam ring of the antibiotic, yielding a

product that is clinically inactive.4,5 b-Lactamases

are found widely disseminated throughout Gram-

positive and Gram-negative bacteria and are often

encoded on mobile genetic elements, which facilitate

their transmission.6

b-Lactamases have been grouped into four major

classes (A–D) based on sequence homology.6 Classes

A, C, and D use an active site serine as a nucleophile.

However, the class B metallo-b-lactamase (MBL)
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enzymes use bound zinc atoms in the active site to

help ionize and coordinate a nucleophilic hydroxide

ion to mediate hydrolysis.7 b-Lactamase-induced

resistance has led to two main therapeutic strategies:

(i) introducing newly functionalized b-lactam anti-

biotics that are not recognized by b-lactamases;

(ii) coadministration of b-lactam antibiotics with

b-lactamase inhibitor compounds, active against the

class A, C, and D enzymes. However, despite vast

research efforts in this area, currently there are no

effective inhibitors targeted against the emerging

class B enzymes. MBL enzymes are now found widely

disseminated throughout the world.6 Coupled with

their broad-spectrum substrate profile, the clinical

threat of MBLs is increasingly dire.

Recently, a novel resistance factor called the

New Delhi metallo-b-lactamase (NDM-1) has been

found to confer Enterobacteriaceae with nearly com-

plete resistance to all b-lactam antibiotics including

the carbapenems. This novel resistance gene was

discovered in India and has rapidly spread through-

out human populations on nearly every continent.8

NDM-1-positive Escherichia coli are now widespread

in the environment and water supplies in India,9

likely a result of the fact that NDM-1 genes are typi-

cally located on readily transferable plasmids that

are prone to rearrangement.10 Because of the selec-

tive advantage that NDM-1 confers and its propen-

sity for plasmid-mediated horizontal gene transfer, it

is feared that NDM-1 may herald the end of treat-

ment with those drugs that are used clinically to

fight Gram-negative infections.10,11

To gain a more complete understanding of the

structural basis for the antibiotic resistance con-

ferred by NDM-1, we have determined the crystal

structure of the apo form of this enzyme to a resolu-

tion of 2.1 Å using molecular replacement phases

generated from a previously determined MBL homo-

log VIM-4.12 Comparison of our apo-NDM-1 struc-

ture with the very recent product complex form of

NDM-113 as well as other characterized class B

MBLs provides important new insights into the cata-

lytic mechanism within the active site as well as

unique molecular features that may contribute to its

broad-spectrum antibiotic specificity.

Results and Discussion

Structure solution

NDM-1 is a single-chain polypeptide, with a mature

sequence from M27-R270 after cleavage of the signal

peptide. The structure of apo-NDM-1 was solved by

molecular replacement phasing and subsequently

refined to a resolution of 2.1 Å (Supporting Informa-

tion Table SI). The crystals are P1 with five protein

chains in the asymmetric unit and a Matthews coef-

ficient of 2.67, corresponding to a predicted solvent

content of 53.6%, which roughly approximates the

solvent content (44%) based on the model. In chains

A, C, and D, there were additional residues at the

C-terminus left over after thrombin cleavage of the

HIS tag (Supporting Information Table SI). Because

of missing density at the termini of the various

chains, the following amino acids could be modeled:

chain A (43–270 and K271-L272-V273-P274 of the

tag), chain B (31–268), chain C (43-270 and K271-

L272-V273-P274 of the tag), chain D (43–270 and

K271-L272-V273 of the tag), and chain E (43–269).

The final refined model has an R and Rfree of 21.7

and 25.1%, respectively, displays good stereochemis-

try as defined by PROCHECK,14 and contains 471

water and 10 Zn2þ ions within the asymmetric unit,

all refined with an occupancy of 1.00. Each monomer

had one residue (D90) in a disallowed region on the

Ramachandran plot. This residue is a second-shell

zinc coordinating ligand involved in extensive hydro-

gen-bonding interactions, which displays clear elec-

tron density, and has nearly identical phi/psi angles

in the 1.3-Å product complex structure.13

Overall structure
NDM-1 displays the typical MBL ab/ba fold, as

observed in the previously characterized MBL

enzymes VIM-2 and IMP-1 (sequence identity �32%),

with an internal beta sandwich flanked by five sol-

vent-exposed a-helices on its external face. Also in

common, we observe the binuclear Zn-containing

active site flanked by the L3 and L10 loops to locate

near one edge of the b-sandwich in a shallow, broad

groove [Fig. 1(A)]. However, when compared with the

structure of the closely related enzyme VIM-2 (32%

sequence identity and with a pair-wise RMSD of 1.22

Å on the 207 common CA atoms of the apo forms),

two notable differences do exist. In particular, NDM-

1 has an extra b-strand extension at the N-terminus

of the enzyme as well as a b-turn with an elongated

loop region (L8) in place of the strand b8 present in

VIM-2 and other homologs [loop L8; Fig. 1(B)].

Oligomerization state and membrane

localization

Four of the five molecules within our P1 apo-NDM-1

unit cell and both chains in the P212121 product

complex NDM-1 structure display the same dimer

involving two protein chains rotated �180� relative

to one another [Fig. 1(D)]. The fifth monomer in our

apo structure sits on one face of the two dimer pairs

in the asymmetric unit making crystal packing

interactions with chains A, B, and C in the adjacent

unit cell and is not involved in dimerization, likely

reflecting the fact that NDM-1 can exist both as a

monomer and dimer in solution (see below).

The dimer interface has a buried surface area of

�1900 A2 and is predicted to be stable in solution by

the CCP4 program PISA.17 The loop L8 that is

unique to NDM-1 forms key contacts involved in
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this dimer interface. These involve hydrophobic and

van der Waals interactions between the a3 helix res-

idues A143, L144, N146, and Q147 with residues;

T162, F163, A165, and G167 in the L8 loop region.

This suggests a functional role in dimerization for

this unique insertion.

Supporting a potential physiological role for the

dimer interface in our crystallographic data, we

used size exclusion chromatography, dynamic light

scattering, and chemical crosslinking to show that

the M1-R270 NDM-1 (FL) enzyme exists both as a

monomer and dimer in solution (Supporting Infor-

mation Fig. S1). To our knowledge, the only other

example of a class B MBL oligomer is the L1 func-

tional tetramer.18,19 This dimerization of both puri-

fied and membrane-associated NDM-1 (unpublished

data) may be an important feature for antibiotic

resistance in a biological context.

Our biochemical analysis also suggests an un-

usual lipidation and outer membrane localization for

NDM-1. Normally, MBL enzymes contain a Type I

signal peptide. However, the LipoP server14 revealed

probability scores of �0.39 and 1.06 for Type I (solu-

ble) and lipidation signal peptides, respectively. As

NDM-1 has a methionine rather than aspartic acid

at position þ2 from the lipidation signal cleavage

site, it is expected to localize to the outer, rather

than inner membrane.20,21 To probe the possibility of

NDM-1 being a lipoprotein b-lactamase and study

its potential localization, FL 8X HIS-tagged NDM-1

containing E. coli membrane samples were analyzed

by a step sucrose gradient, followed by Western blot

analysis using an anti-HIS antibody. Similar to our

positive control (outer membrane porin ZirT),16 it

was found that NDM-1 clearly predominated in the

higher percentage sucrose layers (40–50% sucrose),

Figure 1. Overall structure of apo-NDM-1, NDM-1 localization, and crystallographic dimerization. A: Cartoon of apo-NDM-1

structure (green), active-site zinc ions (gray spheres), zinc ligands (stick, CPK coloring), and active-site loops L3 and L10 (red).

Secondary structure designations are labeled. B: Superposition of NDM-1 on apo-VIM-2 (PDB ID 1K03)15 (magenta).

Apo-NDM-1 zinc ligands are colored by atom, and the NDM-1 loops L3, L8, and L10 are highlighted with a red arrow. C:

Western blot of a step sucrose gradient of membrane-associated 8xHIS FL-NDM-1. Negative control is E. coli BL21

membranes only. Positive control is outer membrane protein ZirT.16 D: NDM-1 crystallographic dimer interface for both apo

(green) and ampicillinic acid-bound (gray, PDB ID: 3Q6X)13 forms. The L8, L10, and a3 helix constitute the dimer interface and

are labeled on the apo structure (red).
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suggesting that it preferentially localizes to the bac-

terial outer membrane [Fig. 1(C)].22 To our knowl-

edge, there is only one other example of a lipopro-

tein b-lactamase enzyme (BRO-1),23 and the

functional role of its membrane localization remains

uncharacterized. However, the observation of a lipi-

dation signal and outer membrane localization in a

clinically important and broad-spectrum b-lactamase

such as NDM-1 reopens this as a potentially impor-

tant avenue of discovery in terms of antibiotic resist-

ance and therapeutic development.

NDM-1 active site

Our 2.1-Å apo structure allows for a direct compari-

son between the apo and ampicillinic acid (product)-

bound forms of NDM-1,13 revealing key conforma-

tional changes that occur around the active site,

which further our understanding of MBL substrate

binding. In particular, the flexible active-site loop L3

is elongated and disordered in the apo form; yet, upon

ligand binding, b3 and b4 form an extended b-sheet

interaction [Fig. 2(A)]. This zippering effect pulls the

tip of the L3 loop further away from the zinc center,

causing the side chain of M67 to reorient away from

the zinc center by �4.9 Å, presumably to accommo-

date the substrate by interacting hydrophobically

with the R1 phenyl group of ampicillin [Fig. 2(A)]. In

contrast, L65 moves �2.1 Å closer to the zinc center

and substrate upon binding. Together, residues L65,

M67, and W93 form a hydrophobic face that tightly

interacts with the R1 phenyl group of the substrate.

The observed flexibility in the apoenzyme may be a

mechanistic feature of MBL enzymes that provides

the L3 loop with the plasticity required to form sub-

strate-specific hydrophobic interactions. Therefore,

altering the hydrophobicity of the R1 functional group

may alter the affinity of b-lactam antibiotics for

MBLs.

Figure 2. Apo-NDM-1/hydrolyzed ampicillin (hAMP)-bound NDM-1 and apo-NDM-1/apo-VIM-2 active-site comparisons. A:

Apo-NDM-1/hAMP NDM-1 active-site overlay: apo-NDM-1 backbone (green), hydrolyzed ampicillin (hAMP) product complex

(gray, PDB ID: 3Q6X)13 with selected active-site residues (sticks) labeled.13 B: Apo-NDM-1/apo-VIM-2 active-site overlay:

apo-NDM-1 backbone (green), selected NDM-1 and VIM-2 active-site residues are shown as green and magenta sticks with

cpk atom coloring, respectively. The 2Fo � Fc map at 2r is shown for zinc ions and coordinating ligands. C: Electrostatic

surface representation of apo-NDM-1 and apo-VIM-2 active-site clefts, calculated using APBS software, with a PARSE force

field contoured at �3 and þ3. D: Zinc coordination: zinc ions and ligands are in green and gray for apo-NDM-1 and

hAMP-bound NDM-1. Coordination interactions are blue dashes, and hAMP is in cpk colored stick representation (carbons

are magenta).
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Upon ligand binding, the L10 loop also plays an

essential role in interacting with the substrate. In

particular, the N220 side-chain nitrogen is pulled

�1 Å closer to the zinc center when comparing apo

and ampicillinic acid-bound forms [Fig. 2(A)]. This

shift is larger than the RMS differences in superpo-

sition of the 232 common CA atoms in the two mod-

els of �0.284 Å. This movement positions the highly

conserved N220 for interaction with the lactam

carbonyl group observed in the product complex

structure.13 This conserved N220 residue together

with Zn1 provide an oxy-anion hole, which helps to

polarize the lactam carbonyl upon binding and facili-

tate nucleophilic attack by the adjacent hydroxide

(see below).24 Taken together, the observed plasticity

in the L3 and L10 loops provides NDM-1 with the

ability to accommodate multiple substrates with

differing molecular architectures.

Comparison of apo-NDM-1 and the apo-VIM-2

structures also indicates key differences in the shape

and electrostatic characteristics of the active site,

providing insight into possible features that govern

the differences in specificity in these enzymes. In

general, NDM-1 has a more extensive active-site cleft

(NDM-1 SA ¼ 520 Å2, VIM-2 SA ¼ 450 Å2) and a

more electrostatically neutral L3 loop than does

VIM-2 [Fig. 2(C)]. It has been proposed that VIM-2

and VIM-4 are restricted in their substrate profile

because of the presence of a narrow active-site

cleft.12 The larger surface area of NDM-1 arises from

the orientation of the active-site loops L3 and L10,

which are positioned further away from the zinc

active-site center (see also below) when compared

with VIM-2 [Fig. 1(B)]. Another significant difference

between the two species is that K211 of NDM-1,

which orients the negatively charged carboxylate

common to b-lactam substrates, is substituted by a

tyrosine in VIM-2. However, an analogous electro-

static interaction with substrate arises from R228 on

the L12 loop of VIM-2, which projects into the active

site to interact with the b-lactam C3 carboxylate

group.15 The protrusion of VIM-2 R228 into the

active-site cleft reduces the size of the binding

pocket, potentially limiting the VIM-2 substrate-

binding profile. In addition, VIM-2 has several resi-

dues (including F61, D62, Y67, and R228) that pro-

ject into the active-site cleft adding both charge and

steric bulk. In equivalent positions, NDM-1 contains

residues M67, P68, V73, and A215, which present

more hydrophobicity in the L3 loop and less steric

bulk in the active site [Fig. 2(B)]. We also observe

that NDM-1 has an enhanced positively charged

electrostatic profile around Zn1 compared with VIM-

2 [Fig. 2(C)], which may serve to attract and orien-

tate the negatively charged b-lactam carboxylate

during hydrolysis. These active-site characteristics

likely decrease steric interference with incoming sub-

strates and facilitate a favorable electrostatic envi-

ronment leading to a broad substrate profile. In this

light, the design of mechanism-based inhibitors may

be more effective than simple b-lactam functionaliza-

tion as a therapeutic approach.

Catalytic mechanism
In our apo-NDM-1 crystal structure, all five of the
NDM-1 monomers in the asymmetric unit have two
zinc atoms in the active site as indicated by the
refined electron density as well as accompanying
anomalous diffraction peaks of data collected at the
Zn edge using an appropriately tuned synchrotron
X-ray source [Fig. 2(B), unpublished data]. In addi-
tion, the presence of zinc was confirmed by ICP
mass spectrometry (Supporting Information Fig. S2).
We therefore infer that NDM-1 uses a di-zinc-cata-
lyzed mechanism for substrate hydrolysis much like
other members of the class B1 and B3 MBLs. In this
mechanism, Zn1 functions to orientate the substrate
carbonyl bond, whereas Zn2 is required for interac-
tion with the amide nitrogen of the substrate.7 An
active-site hydroxide located between the two zinc
ions, which is present in all five apo-NDM-1 mono-
mers and hydrolyzed ampicillin-bound NDM-1,13

serves as nucleophile.25,26 It has been suggested that
the nucleophilic hydroxide form is generated from
bound water by the putative general base D120
(NDM-1 numbering). This hypothesis is supported
by our structure, whereby D120 is in optimal posi-
tion �2.8 Å away from the catalytic water.7 Follow-
ing attack of the hydroxide on the carbonyl carbon,
the peptide bond is broken with Zn2 acting as a
Lewis acid to stabilize the charge on the nitrogen
leaving group generated during this step.7

Generally, di-zinc MBLs such as NDM-1 have a

lower Zn2 occupancy than Zn1.27 Our refined crys-

tallographic data also suggest a consistent differen-

tial occupancy of the two zinc ions in each of the five

active sites of the asymmetric unit, in that Zn1

refines with lower average temperature factors

(B-factor 26.3 6 3.7 Å2) than Zn2 (B-factor 33.7 6

2.3 Å2). In our structures, Zn1 is tightly coordinated

with tetrahedral geometry by three invariant histi-

dine residues and a bridging water (H120, H122,

H189, and W1), and the higher B-factor Zn2 is coor-

dinated by the conserved D124, C208, H250, and

water W1. Interestingly, ICP mass spectrometry

revealed �1.5 mol of Zn per mole of enzyme

(Supporting Information Fig. S2), suggesting that

the Zn2 site is undergoing exchange with solvent.

The observed zinc stoichiometry is lower than for

members of the VIM or IMP MBLs,28,29 yet similar

to the class B1 MBL SPM-1.27 For SPM-1, an

increased Zn2 coordination distance by the con-

served aspartic acid ligand was associated with the

lower occupancy metal binding. In contrast, the

NDM-1 Zn2 ligands (D124, C208, and H250) display

relatively tight zinc coordination distances (�2.1,

2.4, and 2.1 Å). However, NDM-1 displays substan-

tial electropositive charge around the zinc center
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compared to that of VIM-2 [Fig. 2(C)]. In particular,

K125, which immediately precedes the Zn2 ligand

D124, presents a positive charge in close proximity

to the Zn2-binding site [Fig. 2(A)]. Therefore, this

charge may lead to a repulsion of Zn2.

Interestingly, the two zinc atoms display very

similar Zn–Zn interatomic distances of �3.8 Å

(60.16 Å) in our ensemble of five apo-NDM-1 struc-

tures. However, in the recently determined product

complex of NDM-1 with bound hydrolyzed substrate

(ampicillinic acid), the Zn–Zn distance is substan-

tially longer, �4.6 Å.13 Mutagenesis studies on the

subclass B1 MBL (BcII) revealed a decrease in

catalytic efficiency upon increasing the Zn–Zn dis-

tance.30 In theory, shortening the Zn–Zn distance

should bring Zn2 closer to the b-lactam amide nitro-

gen, allowing for stronger coordination of the sub-

strate and facilitating departure of the leaving group

during catalysis. We suggest that the larger Zn–Zn

distance observed in the hydrolyzed ampicillin form

of NDM-1 represents a mechanism for product

release. In our proposed model, the zinc ions are held

closely together during substrate binding to facilitate

close coordination of Zn2 with the amide nitrogen.

However, the Zn–Zn distance increases following

hydrolysis to weaken the interaction of the former

amide nitrogen with Zn2, leading to departure of the

product from the active site. This shift exemplifies

the role of plasticity and active-site rearrangements

in facilitating turnover in MBLs.

Evolutionary trends in antibiotic resistance
Among the most troubling attributes of MBL

enzymes is their tendency of having a broad-spec-

trum substrate profile. Previously, eight residues in

and around the active site of IMP-1 displayed a sub-

strate-dependant sequence requirement, in that they

were required for cleavage of some, but not all b-lac-

tams tested.31 Despite the relatively low sequence

identity between the two enzymes (�32%), NDM-1

contains six of these residues (D90, K211, G219,

N220, D223, and S249) [Fig. 2(A)]. Four of the six

residues (K211, G219, N220, and D223) are located

in the L10 loop and are thought to directly interact

with b-lactam functional groups; however, residues

D90 and S249 do not interact with substrate

directly, but are second-shell Zn ligands, suggesting

a substrate-dependant zinc requirement. Taken

together, these amino acids point to an evolutionary

trend in promoting broad-spectrum antibiotic

resistance.

In summary, NDM-1 adopts the canonical MBL

fold that facilitates a two zinc-catalyzed mechanism

of b-lactam antibiotic hydrolysis. However, NDM-1

displays a larger active site and an electrostatic

profile that can accommodate a wide variety of

substrate molecules. In addition, NDM-1 displays

important rearrangements around the active site

upon substrate binding and product release. Taken

together, the apo-NDM-1 crystal structure helps pro-

vide a molecular basis for broad-spectrum antibiotic

resistance and represents a valuable step in the

informed design of novel MBL inhibitors.

Materials and Methods

Protein expression and purification

Our sequence analysis suggests that the NDM-1

gene (NCBI code: FN396876) encodes an N-terminal

Type II lipidation signal peptide, with a cleavage

site located between C26 and M27 (as predicted by

LipoP).32 The DNA sequence of the mature protein

(M27 to R270) was synthesized by BioBasic and

cloned into pUC57. This plasmid DNA was used as a

template for PCR amplification of the NDM-1 gene

(873 bp). Restriction free cloning produced a pET41

expression vector containing NDM-1 with an 8XHis

tag on the N-terminus.33 NDM-1 protein was

expressed in E. coli BL21 cells at 37�C until an

�OD600 0.7 was reached, induced with 1 mM IPTG

and grown at 25�C for 12–16 h. Harvested cells

(�20 g) were resuspended in 50 mL lysis buffer (50

mM Tris, pH 7, 150 mM NaCl, and one complete,

EDTA-free protease inhibitor tablet from Roche) and

lysed by French press at �12,000 p.s.i., and the

lysate was centrifuged (45,000 rpm in a Beckman 60

Ti rotor) for 1 h. Supernatant was passed through a

1-mL Hi-Trap HP His column and pre-equilibrated

in lysis buffer. Elution buffer (50 mM Tris, pH 7,

.5M NaCl, and 1M imidazole) was used to elute

8xHis NDM-1 with a gradient of imidazole from 0 to

0.5M in 40 min. NDM-1-enriched fractions were dia-

lyzed into buffer A (20 mM HEPES, pH 8) and

loaded onto a Mono Q 10/10 column equilibrated in

buffer A. A continuous gradient of 10 column vol-

umes (From A into A plus 2M NaCl) was used.

NDM-1 was eluted at �400 mM NaCl. Fractions

were passed over a Superdex 75 column using

(20 mM HEPES, pH 6.8, 150 mM NaCl) as running

buffer and concentrated to �68 mg/mL.

Crystallization, data collection, and structure
determination

Crystals were grown by the sitting-drop method at

25�C using 0.2-lL protein solution and mixed with

an equal volume of precipitant. Crystal conditions

were 0.1M lithium sulfate, 0.63M ammonium sul-

fate, and 0.05M Tris at pH 8.5. Apo-NDM-1 crystals

were soaked for �30 s in cryoprotectant solution

(precipitant þ 25% glycerol), followed by flash cool-

ing in liquid nitrogen. Data were collected at beam-

line CMCF-2 of the Canadian Light Source and proc-

essed using HKL200034 and CCP4.35 Five percent of

reflections were used for cross validation. The struc-

ture of NDM-1 was solved by molecular replacement

with Phaser36 and the VIM-4 main-chain atoms
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(Protein Data Bank accession number 2WHG). Sev-

eral cycles of manual rebuilding in Coot37 and

refinement with strict NCS restraints using

REFMAC (CCP4)38 were carried out. Simulated

annealing was performed on the partially refined

model using Phenix.39 In the final stages of refine-

ment, TLS groups (residues 43–65, 71–183, and

255–269) were defined to allow for differences in

loop regions between the five monomers. Zinc and

waters ions were added manually by examination of

Fo � Fc and 2Fo � Fc maps and refined at full

occupancy. Coordinates and structure factors were

deposited in PDB with entry code (3SPU). Figures

were generated using PyMol,40 and calculation of

the electrostatic surface was done using APBS.41

Sucrose density gradient centrifugation

E. coli BL21 cells expressing NDM-1 (M1-R270) were

prepared and lysed as above. Lysate was centrifuged

at 9000 rpm for 15 min followed by centrifugation

(45,000 rpm in a Beckman 60 Ti rotor) for 1 h to iso-

late cell membranes. Membranes were resuspended

in lysis buffer and layered atop a stepped sucrose gra-

dient of 30, 35, 45, 50, and 55% sucrose in lysis buffer.

Centrifugation was carried out at 39,000 rpm in a

Beckman SW 41 Ti rotor for 16 h at 4�C, and sucrose

layers were separated and analyzed by Western blot.
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