Sequences of full-length XMRV genornes fiom

two CFS patients and a partial genome from a third

" patient were generated (table S1). CFS XMRV
steains 1106 and 1178 each differed by 6 nt from

A Eg i 8
2 2 5
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Fig. 3. Infectious XMRV in PBMCs from CFS patients, () Lysates of (NCaP cefls
cocuttured with PBMCs from CFS patients (lanes 1, 3, and 5) or healthy donors (lanes
2 and 4) were analyzed by Westem blots with rat mAb to SFFV Env (top panel) or
903t antiserum to yenotropic MLV (bottom panel). Lane 6, uninfected INCaP; lane 7,

~
@
-

BSup-T1/1141

patients. Lanes 7.and 8 are secondary infections of normal activated T cells. Initially,
patients WP!-1220 (lane 7) and WPI-1221 (lane 8); Lanes 2 and 3, uninfected T cells;

o
§ §
Z z

the reference prostate cancer strain XMRV VP62
(EF185282), and with the exception of § nt, the
variant nucleotides mapped to different locations
within the XMRV genome, suggesting indepen-

g
Precursors

——p30 Gag

REPORTS

dent infections, In comparison, prostate cancer—
derived XMRYV strains VP35 and VP42 differed

- from VP62 by 13 and 10 nt, respectively. Thus, the

complete XMRV genomes in these CFS patients

SFFV-infected HCD-57 cells. MW markers in kilodaltons.are at left, (8) Transmission

. electron micrograph of a budding viral particle from INCaP cells' infected by -
incubation with an activated T cell ‘culture from a CFS patient.(C) Tranismission
electron micrograph of virus particles released by infected LNCaP cells, :
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Fig. 4. Infectious XMRV and antibodies to XMRV in CFS patient plasma. (A)
Plasma from CFS patients (lanes 1 to 6)-were incubated with INCaP cells and
lysates were prepared after six passag i
by Western blots with rat mAb ta SFFV Env (top panel) or goat antiserum to MLV
P30 Gag (bottom panel). Lane 7, uninfected LNCaP; lane 8, SFFV-infected HCO-
57 cells. MW markers in kilodaltons are at left, (B) Cefl-free transmission of
XMRV to the SupT1 cell line was demonstrated using transwelt cocufture with -
patient PBMCs, followed by nested gag PCR. Lane 1, MW marker. Lane 2, SupTl

Viral protein exp was detected

. _ ' ’ cocultured with Raji. Lanes 3 to 7, SupT1 cocultured with CFS patient PBMCs.
Lane 8, no template control (NTC). (C) Normal T cells were exposed to cell-free supernatants abtained from T cells (lanes 1, 5, and 6)or B cells, (tane 4) from CFS

uninfected primary T cells were exposed to supernatants from PBMCs of
lane 9, SFFV-infected HCD-57 cells. Viral protéin expression was detected

by Western blot with a rat mAb-to SFFV Env. MW markets in kilodaltons are at left. (D) Plasma samples from a CFS patient or from a healthy control as well as

SFFV Env. mAb or control were reacted with BaF3ER cells (top) or BaF3ER cells expressing recombinant SFFV Env (bottom) and-analyzed by flow cytometry. igG,

immunoglobulin G. :
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were >99% identical in sequence to those detected
in patients with prostate cancer, To exclude the pos-
sibility that we were détecting a muwine leukemia
virus (MLV} laboratory contaminant, we deter-
tnined the phylogenetic relationship among endog-
enous (non-ccotropic) MLV scquences, XMRV
sequences, and scquences from CFS patients
1104,'1106, and 1178 (fig. S2). XMRV sequences

from the CFS patients clistered with the XMRV

sequences from prostate cancer cases and-formed
2 branch distinct from non-ccotropic MLVs com-
mon in inbred mousc strains. Thus, the virus de-
fected in the CFS patients’ -blood samples is
uniikely to be a contaminant,

To determine whether XMRV proteins were

-expressed in PBMCs from CFS patients, we de-

veloped intracellular flow cytometry (IFC) and
‘Western blot assays, using antibodies (Abs) with
novel viral specificities. These antibodies included,
among others, (i} rat monocional antibody (mAb)
to the sploen focus-forming virus (SFFV) eavelope
(Env), which reacts with all polytropic and
xenotrapic MLVs (7); (i) goat antisera to whole
mouse NZB xenotropic MLV, and (iii) a rat mAb
to. MLV p30 Gag (8). All of these Abs detected
the human VP62 XMRV strain grown in human
Raji, LNCaP, and Sup-T1 cells (fig. S3) (5). IFC
of activated lymphocytes (6, 9) revealed that 19
of 30 PBMC saniples from CFS patients reacted
with the mAb to MLV p30 Gag (Fig. 2A). The
majority of the 19 positive samples also reacted
with antisera to other purified MLV proteins (fig.
S4A), Tn contrast, 16 healthy control PBMC cul-
tures tested negative (Fig. 2A and fig. S4A). These
results were confirmed by Western blots (Fig. 2,

‘B and C) (6) using Abs to SFFV Env, mouse

.of XMRYV proteins (Fig. 2C). The frequencies of

xenotropic MLV, and MLV p30 Gag. Samples
from five healthy donors exhibited no . i

onsly shown to be permissive for XMRV infec-
tion (J2). After coculture with activated PBMCs
from CFS patients, LNCaP cells expressed XMRV
Env and multiple XMRV Gag proteins when
analyzed by Westem blot (Fig. 3A) and IFC (fig.
S5A). Transmission elecwon mi opy (EM) of

We have discovered a highly significant asso-

clation between the XMRV retrovirus and CFS.

This observation raises several important ques-
tions. Is XMRYV infection a causal factor in the
pathogenesis of CFS or a passenger virus in the
ir Py i CFS patient population?

the infected LNCaP cells (Fig. 3B), as wellas virus -

preparations from these cells (Fig. 3C), revealed

90- to 100-nm-diameter budding particles con-

sistent with a gamma (type C) retrovirus (13).
We also found that XMRV could be trans-

.mitted from CFS paticnt plasma to LNCaP cells

when we applied a virus centrifugation protocol
to enhance infectivity (6, 14, /5). Both XMRV
£p70 Env and p30 Gag were abundantly ex-
pressed in LNCaP cells incubated with plasma
samples from 10 of 12 CFS patients, whereas no
viral protein expression was detected in LNCaP
cells incubated with plasina samples from 12

"healthy donors (Fig. 4A). Likewise, LNCaP cells

incubated with paticnt plasma tested positive for

"XMRYV p30-Gag in IFC assays (fig. S5B). We

also observed cell-free transmission of XMRV-
from the PBMCs of CFS patients to the Tceli line
SupT! (Fig. 48) and both primary and secondary
transmission of cell-fiee virus from the activated
T cells of CFS patients to normal T cell cultures

(Fig. 4C). Together, these results suggest that .

both cell-associated and cell-free transmission of
CFS-associated XMRYV are possible. .
We next investigated whether XMRV stim-
ulates an immune response in CFS patients. For
this purpose, we developed a flow cytometry as-
say that allowed us to detect Abs to XMRV Env
by exploiting its. close homology to SFFV Env
(76). Plasma from 9 out of 18 CFS patients in-

fected with XMRV reacted with a mouse B cell

line rece

CFS cases versus healthy controls that were pos-
itive and negative for XMRV sequences were
used to calculate a Pearson 7§z value of 154 (two-
tailed P value of 8.1 x 107*), These data yield
an odds ratio of 54.] (a 95% confidence interval
of 23.8 to 122), suggesting .a nonrandomn asso-
ciation with XMRV and CFS patients,

To determine which types of lymphocytes-in
blood express XMRV, we isolated B and T cells
from one patient’s PBMCs (6). Using mAb to
MLV p30 Gag and IFC, we found that both ac-
tivated T and B cells were infected with XMRV
(Fig. 2D and fig. S4A). Furthermore, using mAb
to SFFV Env, we found that >95% of the cells in
a B cell line developed from another patient were
positive for XMRV Env (fig. S4B). XMRV pro-
tein expression in CFS patient-derived activated
T and B cells grown for 42 days in culture was

- confirmed by Western blots (fig. S4C) using Abs

to SFFV Env and xenotropic MLV,
" We next iovestigated whether the viral pro-
teins detected in PBMCs from CFS paticnts rep-

p g recombinant SFFV Env (BaF3ER-
SFFV-Env) but not to SFFV Euv negative con-
tro} cells (BaF3ER), analogous to the binding of

“the SFFV Env mAb o these cells (Fig, 4D and

S6A). In contrast, plasma from seven healthy
donors did not react (Fig. 4D and fig. S6A).
Furthermore, all nine positive plasma samples
from CFS paticuts but none of the plasma sam-
ples from healthy donors blocked the binding of

- the SFFV Env mAb w0 SFFV Env on the cell

surface (fig. S6B). These results are consistent
with the hypothesis that CFS patients mount a
specific immune response to XMRY,
Neurological maladies and immune dysfunc-
tion with inflammatory cytokine and chemokine
up-regulation are some of the most cominonly
reported features associated with CFS. Several
retroviruses, including the MLVs and the pri-
mate retroviruses HIV and HTLV-1, are associ-

ated with neurological diseases as well as cancer .

(17). Studies of retrovirus-induced nexrodege

.

What is the relationship between XMRV infec-
tion status and the presence or absence of other
viruses that are often associated with CFS (e.g.,
herpesviruses)? Conceivably these viruses could
be cofactors in pathogenesis, as is. the case for
HIV-mediated discase, in which co-infecting path-
ogens play an important role (20). Patients with
CFS have an elevated incidence of cancer.(21).
Does XMRYV infection slter the fisk of cancer
development in CFS? As noted above, XMRV -
has been detected in prostate tumors from pa-”
tients expressing a specific genetic variant of the
RNASEL gene (5). In contrast, in our study of this
CFS cobott, we found that XMRYV infection sta-
tus does not conelate with the RNASEL genotyps, .
(6) (wble S2), . ' 9

Finally, it is worth noting that'3.7% of thé” -
“healthy donors in our study tested positive for

XMRYV sequences. This suggests that several
million Americans ray be infected with a retro- |
virus of as yet unknown pathogenic potential,

\
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no_su_ma Reconstitution of a Highly
Reducing lterative Polyketide Synthase

Suzanne M. Ma,” Jesse W.-H. Li,% Jin W. Choi,® Hui Zhou, K. K. Michael Lee,’
Vijayalakshmi A. Moorthie,? Xinkai Xie," James T. Kealey,* Nancy A. Da Silva,

John C. Vederas,?* Yi Tang’*

Highly reducing iterative polyketide synthases are large, multifunctional enzymes that make
important metabolites in fungi, such as lovastatin, a cholesterol-lowering drug from Aspeérgillus
terreus. We report efficient expression of the lovastatin nonaketide synthase (LovB) from an

- “ngineered strain of Saccharomyces cerevisiae, as well as complete recanstitution of its catalytic
"7 inction in the presence and absence of cofactors (the reduced form of nicotinamide adenine

dinucleotide phosphate and S-adenosylmethi

) and its partner enzyme, the enoyl reductase

LovC. Our results demonstrate that LovB retains correct intermediates until completion of
synthesis of dihydromonacolin L, but off-loads incorrectly processed compounds as pyrones or
hydrotytic products. Experiments replacing LovC with analogous MicG from compactin biosynthesis
demonstrate a gate-keeping function for this partner enzyme. This study represents a key stepin
the understanding of the functions.and structures of this family of enzymes. .

. ature uses an amazing array of enzymes
. _ I _ to make natura products (7). Among these

metabolites, polyketides rey aclass

ketosynthase (KS), malonyl-coenzyme A (CoA)
acyltransferase (MAT), dehydratase (DH), methyl-
ferase (MT), ketorod

of over 7000 known structures of which more than
20 are commercial drugs (2). Among the most
interesting but least understood enzymes making
these compounds are the highly reducing iterative
polyketide synthases (HR-IPKSs) found in fila-
mentous fungi (3). In contrast to the well-studied
 bacterial type I PKSs that operate in an assembly
line fashion (4), HR-IPKSs arc megasynthases
that function iteratively by using a set of catalytic
domains repeatedly in different combinations to
‘oduce structurally diverse fungal metabolites (.5).
One such metabolite is lovastatin, a cholesterol-
lowering drug from Aspergillus terreus (6). This
compound is 2 precursor to simvastatin (Zocor,
. Merck, Whitchouse Station, NJ), a semi-synthetic
drug that had annua] sales of tnore than $4 billion
before loss of patent protection in 2006 (7).
Biosynthesis of 1ovastatin proceeds via dihy-
dromonacolin L (acid form 1, lactone form 2), a
product. made by the HR-IPXS lovastatin non-
aketide synthase (LovB), with the assistance of a
separate enoyl reductase, LovC (8) (Fig. 1). LovB
is a 335-kD protein that contains single copies of

*Department of Chemical and Biomalecular Engineering,
. University of California, Los Angeles, CA ‘90095, USA.
Department of Chemistry, (niversity of Alberta, Edmon-
“ton;" Alberta, T6G 262, Canada. *Department of Chemical
. Engineering and Materials Science,. University of Califor-
nia, levine, CA 92697, USA. “Amyris Biotechnologies, 5885
Hollis Street, Suite 100, Emeryville, CA 94608, USA.

_*Yo whom cof d should be add d.  E-mait:
(berta.ca (LC.V.); yi la.edu (v.1.).

that is homologous to the condensation (CON)
domain found in nonribosomal peptide synthe-
tases (NRPSs) (9). It also contains a domain that
resembles an enoy! reductase (ER) but lacks that
activity, LovB must catalyze ~35 reactions and
use differcnt permutations of tiloring domains
after ‘cach of the cight chain-extension steps to
yield the nonaketide, dibydromonacolin L (2).
This enzyme also catalyzes a biological Diels-
Alder reaction during the bly process to
for the decalin ring system (70). In vitro studies
of LovB (1]) have been hampered by an inability
to obtain sufficient amouuts of the functional pu-
rified megasynthdse from either 4, ferreus or

heterologous Aspergillus hosts. As a result, the’
programming that governs metabolite: asseinbly -

by LovB or other HR-IPKSs is not understood.
Key aspects that remain to be elucidated include
{i) the catalytic and structural roles of cach do-
main in the megasynthase, (ii) substratc specific-
ities of the catalytic domains and their tolerance
to perturbation in megasynthase functions, and
(iii) factors govemning the choice of different
combinations of domains during cach iteration of
catalysis. To initiate such studies, we engineered
an expression system in yeast to produce large
amounts of LovB and examined the influence
of cofactors and the ER partner (e.g., LovC) on
product formation. . :
The engineered Saccharomyces cerevisiae
strain B}5464-NpgA, which contains a chromo-

(KR), and acy)- -
carrier protein (ACP) doniains, as well as a section

somal copy of the dspergillus nidulans phospho-
pantetheiny] (ppant) transferase gene npgd (42), was
the expression host. A C-terminal hexahistidine-
tagged LovB was placed under the control of
the S. cerevisiae ADH2 promoter (73, 14) on an
episomal plasmid (YEpLovB-6His). Abundant ,
amounts of the intact LovB could be purified
from the soluble fraction to near homogeneity
with a final yield of ~4.5 mg/L (fig. $1). We used
mass analysis of tryptic digest fragments to verify
the identity of the recombinant LovB, The ACP
domain of LovB was_determined to be nearly
plctely phosphopantetheinylated by using a
ppant cjection assay with high-resolution quadru-
pole orthogonal acceleration—time-of-flight mass
spectromnetry (fig. S2). To ascertain activity of the
resulting LovB and to examiue the necessity for
cofactors, malonyl-CoA alone was first added to
the purified enzyme 'in buffer. Whole-cell feed-
ing studies- of doubly {'>C, *H}-labeled acetate to
cultures of 4. terreus showed that all three ace-
tate hydrogens were incotporated into the acetate-

s

- derived starter units for both the nonaketide and’

diketide moietics inJovastatin (/5), The purified
LovB can use malonyl-CoA for both chain prim-
ing and chain elongation, loading tmalonate with
decarboxylation to make the acety] starter unit.
Although LovB is able to prime with and clongate
the chain by two further condensations. with’
malonyl-CoA, in the absence of the reduced form
of nicotinamide adenine dinucleotide phosphate
(NADPH), no ketoreduction occurs. The domi-
nant product is lactone 3 (Fig. 2A, trace i); which
forms by enolization and cyclization with off-
foading of the unreduced triketide. Addition of

-NADPH to this systein enables function of the -

KR domain. In this and subsequent experiments,
the mialonyl-CoA could be conveniently synthe-
sized in sito by malonyl-CoA synthase (MaiB)
from Rhizobium trifolii using free malonate and
CoA (16). With KR enabled, LovB makes penta-,
hexa-, and heptaketide pyrones 4 to 6, as well as

ketones 7 and 8 (Fig. 2A, trace ii). The structures
" were confinned by chemical synthesis of authen-
“tic standards, except for heptaketide 6, which

proved very unstable. However, the mass increase

“of 26 atomic mass units for 6 and its red shift in

the ultraviolet spectrum when compared to § we
consistént with its proposed heptaketide pyrone
structure (table S3). Compounds 7 and 8 result
from thioester hyduolysisof penta- and hexaketides -
stalling on the ACP. at the p-keto stage. The re-
sulting B-keto acids spontancously decarboxylate
to afford 7 and 8. Formation of compounds 4 to 8
illustrates that derailment in the normal pro-
gramined steps, namely the lack of methylation
due to the absence of S-adencsylmethionine -
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