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With the sequenc ing of over a hun dred dif fer ent
micro bial genomes now com plete, the next step
in under stand ing and exploit ing micro bial diver -
sity is to focus on genome pro tein prod ucts. This
is quite a chal lenge because the typ i cal bac te rial
genome encodes about 5000 pro teins, which are
expressed as the cell needs them. Fur ther more,
many pro teins are of unknown func tion; nor do
we know the rel a tive abun dance and cel lu lar loca -
tion of each pro tein and how those details change 
with exter nal stim uli. To tackle these impor tant
ques tions, DOE has plans to estab lish a
state-of-the-art facil ity for the annual pro duc tion
and char ac ter iza tion of tens of thou sands of pro -
teins and their affin ity reagents. Estab lish ment of

this facil ity would be fol lowed by three oth ers to
enable sys tems biol ogy focused on whole-
proteome anal y sis, char ac ter iza tion and imag ing
of molec u lar machines, and anal y sis and mod el -
ing of cel lu lar sys tems.

There are many per sua sive rea sons for estab lish -
ing the Facil ity for Pro duc tion and Char ac ter iza -
tion of Pro teins and Molec u lar Tags. First, it
would per mit the proteomes of micro bial sys tems 
rel e vant to DOE bioremediation, energy pro duc -
tion, and car bon seques tra tion mis sions to be
ana lyzed in a highly orga nized and sys tem atic
man ner (see sidebar at right). This would save
time and money and would pro vide the basic sci -
ence to enable timely appli ca tions of micro bial
sys tems. Sec ond, a ded i cated staff with robot
workstations would be able to develop a stan dard 
oper at ing pro to col, min i mize vari a tion among
sam ples, and lead to data that are highly accu rate. 
Third, a cen tral ized facil ity would take advan tage
of econ omy of scale in express ing and char ac ter iz -
ing thou sands of pro teins and affin ity reagents at
a time. Fourth, it would serve as a focal point for
user train ing, reagent exchange, and proteomics
infor ma tion.

*The organizers and facilitators shown above planned and implemented the meeting and prepared this report. Their purpose was to provide a 
forum for the broad biological research community to discuss scientific and technical issues associated with planned user facilities for the
Genomes to Life program. The report does not identify potential sites, leadership teams, final technical details, or funding for the facilities.
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Users would include sci en tists par tic i pat ing in the 
Genomes to Life (GTL) pro gram, the DOE lab o -
ra tory sys tem, aca de mia, and indus try. This facil -
ity would pro vide valu able mate ri als (e.g., clones, 
pro teins, affin ity reagents) to the other three (see
sidebar, GTL Pro tein Pro duc tion Facil ity Deliv er -
ables). Pro to cols, pro teins, and data bases also
would be dis trib uted through out DOE labs
work ing on rel e vant bio log i cal sys tems, as well as 
to inter ested sci en tists in aca de mia and indus try.
Finally, the avail abil ity of these reagents prob a bly
would entice other inves ti ga tors and labs into
work ing on these bio log i cal sys tems.

Meeting Organization and
Topics

The work shop, held May 29–30, 2003, was con -
vened at the Bio sci ences Divi sion of Argonne
National Lab o ra tory. It was attended by rep re sen -
ta tives from the Depart ment of Energy and
National Insti tutes of Health as well as sci en tists
from the national DOE lab o ra tory sys tem, aca de -
mia, and indus try. Over a 2-day period, six ses -
sions focused on the 

• role of bioinformatics in iden ti fy ing genes,
track ing sam ples, and link ing data; 

• tech ni cal chal lenges involv ing the clon ing,
expres sion, puri fi ca tion, and char ac ter iza tion of 
thou sands of pro teins at a time, includ ing
mem brane pro teins, periplasmic pro teins, and
very large pro teins; and 

• sci en tific chal lenges of devel op ing affin ity
reagents spe cific to each pro tein pro duced.

Sum ma ries of these ses sions and related top ics
fol low. Major research and devel op ment needs 
are out lined in the sidebar on p. 2.

Computational Infrastructure 

Com put ing and infor ma tics activ ities asso ci ated
with the pro tein pro duc tion facil ity com prise
three ele ments and asso ci ated teams. 

The first is a com pre hen sive pro tein pipe line con -
trol sys tem (PPCS) and lab o ra tory infor ma tion
man age ment sys tem (LIMS) that will auto mate
the col lec tion of data and actively man age the
pipe line. 

• PPCS will enable the facil ity to be man aged by
a mod est num ber of ded i cated pro duc tion staff
from local and remote con trol sta tions. PPCS
will con trol the workflow through the
high-through put pipe lines in a com pletely
auto mated fash ion. 

• The LIMS sys tem should sup port real-time sta -
tus mon i tor ing of sam ple flow, qual ity,
through put param e ters, and track ing. All sam -
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GTL Protein Production Facility
Deliverables

• Production of the entire protein repertoire
encoded in each microbe’s genome

• Clones, protocols, data for protein production
outcomes, and milligram quantities of each
protein

• Protein variants designed for specific
applications

• Affinity reagents for each protein produced,
along with protocols and data

• Protein characterization data (biophysical and
biochemical)

Microbial Research Targets

Express ing and char ac ter iz ing the proteomes of
microbes with rel e vance to bioremediation,
energy pro duc tion, and car bon seques tra tion
rep re sent an impor tant goal. Ini tial tar gets
should be micro bial sys tems that are the focus of 
exist ing GTL pro jects and for which com plete or 
draft genome sequence is avail able. These can di -
date microbes include Shewanella oneidensis,
Geobacter metallireducens, Geobacter
sulfurreducens, Deinococcus radiodurans,
Pseuduomonas putida, Rhodopseudomonas palustris, 
Prochlorococcus marinus, and Synechococcus. Tar get 
selec tion could be based on pri or i tiz a tion of
addi tional micro bial sys tems that are under go ing 
com plete genome sequenc ing under DOE fund -
ing at the Joint Genome Insti tute and The Insti -
tute for Genomic Research, as well as microbes
that become the future focus of the GTL 
pro gram.



ples, reagents, and work units will be bar coded 
and tracked. Data input to the LIMS sys tem
will be fully auto mated so humans are not
required to input data, thus enabling rapid,
accu rate, and auto matic data col lec tion from
key instru ments. The LIMS sys tem will con -
struct a data pack age that par al lels the flow of
sam ples through the pipe line and will accom -
pany mate rial shipped to facil ity end users. It
also will sup port mon i tor ing of pro duc tion
runs, qual ity assess ment, qual ity con trol, sam -
ple track ing, and sta tus for both pro duc tion
staff and end users. Two LIMS sys tems are
being eval u ated for pos si ble use in the pro tein
pro duc tion facil ity: the PRISM sys tem, which
is in active use at the Pacific North west
National Lab o ra tory, and the Nau ti lus sys tem
being used in a pilot pro ject at the Oak Ridge
National Lab o ra tory. Com pat i bil ity with sys -
tems at other facil i ties is con sid ered impor tant.
The LIMS sys tem would inter face to the
bioinformatics envi ron ment, facil i tat ing rapid
inte gra tion of new data with exist ing data bases. 
Par tic u larly inter est ing is the rapid incor po ra -
tion of knowl edge of the suc cess ful appli ca tion
of a spe cific expres sion sys tem or pro to col to a
gene of inter est, enabling more accu rate expres -
sion sys tem assign ment by bioinformaticists. 

The sec ond com po nent of the com pu ta tional
infra struc ture is the bioinformatics envi ron ment
(BE). BE will enable the com pre hen sive char ac -
ter iza tion of genomes, genes, and pro tein fam i lies 

nec es sary for mak ing informed tar get deci sions.
The sys tem will sup port the selec tion of appro pri -
ate expres sion sys tems for a tar geted set of genes;
the inte gra tion of diverse infor ma tion sources to
pro vide a com pre hen sive view of each pro tein;
and the devel op ment of asso ci ated char ac ter iza -
tion data bases, qual ity vec tors, and prov e nance
data. The pri mary exter nal inter face to data pro -
duced by the facil ity, BE will be devel oped in
coop er a tion with part ner DOE lab o ra to ries and
key exter nal user com mu ni ties.

The third com po nent is an ongo ing sim u la tion
effort that will con struct a math e mat i cal model of 
the pro duc tion facil ity, includ ing key pro to cols,
pro tein pro duc tion and char ac ter iza tion
workflow, and infor ma tion flow through pro duc -
tion high-through put pipe lines. (See sidebar,
Com puter Sim u la tions of Facil ity Pro cesses.) This 
sim u la tion tool will be used to gain a better
under stand ing of resource man age ment and opti -
mi za tion deci sion points in the facil ity and will
enable capac ity plan ning, through put esti ma tion,
and con trol-sys tems design. With out con stant
feed back and inter ac tion with the exper i men tal
part ners in this endeavor, sim u la tion will be inad -
e quate in help ing the facil ity achieve its goals;
very focused sim u la tion driven by real appli ca -
tions has the poten tial to solve prob lems that 
oth er wise would go unan swered.
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Computational Infrastructure 

Protein Production Research and Development Needs

Computer simulation of the production and
characterization process. 

• Informatics software to track samples and organize
data.

• Annotation, bioinformatics, and genetic analyses of
several microbial genomes that will serve as the
facility’s biological starting point.

• Research into data-handling systems and databases
to ensure compatibility with interconnecting systems 
from other GTL facilities.

• Systems, suitable for automation, for error-free
transfer of coding sequences among clones.

• Improved methods for identifying protein complexes 
and interaction partners.

• Systems for coexpression of multiple proteins in the
same cell.

• Cost-effective purification tags and columns for
high-throughput, automated protein purification.

• Cost-effective improvements or
gel-electrophoresis substitutes, suitable for
automation, to analyze protein expression and
solubility. 

• Application of microfluidics to protein
characterization.

• General methods for expression, purification,
and characterization of membrane proteins.

• Methods for expressing large proteins or
independently folded domains.

• Optimization of refolding protocols and
development of high-throughput refolding
screens. 

• New affinity reagent libraries and automation
of the selection process.

• Validation of general conditions for storage of
a wide range of proteins.



Protein Production Process

Over view. A facil ity capa ble of pro duc ing mil li -
gram amounts of tens of thou sands of puri fied
pro teins per year is emi nently fea si ble with the
tech nol ogy cur rently avail able, as dem on strated
by the struc tural genomics cen ters and by com -
mer cial efforts in the phar ma ceu ti cal and bio tech -
nol ogy indus tries. Start ing from com plete
genome sequences of a suc ces sion of microbes of
inter est to DOE mis sions, some of the facil ity
goals will be to pro duce as many puri fied pro teins 
(or pro tein com plexes) as fea si ble from each
microbe in forms and amounts that will be use ful
to the other GTL facil i ties and the broader sci en -
tific com mu nity; imple ment and improve tech -

nol o gies for obtain ing dif fi cult tar gets such as
mem brane pro teins, insol u ble pro teins, and
multisubunit pro tein com plexes; and con tin u ally
improve the effi ciency and capac ity of the over all
pro duc tion pro cess. While less than half of the
pro teins spec i fied by indi vid ual micro bial
genomes can be readily obtain able in func tional
form by today’s tech nol o gies, this frac tion is
expected to increase sub stan tially as pro cesses and 
tech nol o gies improve. 

Deliv er ables will evolve with user needs and
desires. Pro teins ini tially might be fused to a tag
suit able for rapid puri fi ca tion, with the option of
also pro duc ing each pro tein with out any tags or
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Computer Simulations of Facility Processes

Set ting up the pro tein pro duc tion facil ity will require 
a great deal of care ful plan ning and opti mi za tion to
ensure that all parts of the pro tein-pro duc tion pro -
cess run at max i mum effi ciency. Even incre men tal
improve ments in one part could trans late into large
cost sav ings, lead ing to tre men dous oppor tu ni ties for 
lever ag ing mod el ing and sim u la tion to ensure that
the facil ity per forms in the most effi cient and
cost-effi cient man ner. The DOE com plex has great
exper tise in com puter mod el ing and mas sively par al -
lel com put ing, so much of the required sim u la tions
tech nol ogy is readily avail able. Sev eral poten tial
oppor tu ni ties in which mod el ing and sim u la tion
could greatly increase Facil ity I’s effec tive ness are
out lined below.

Design of expres sion strat e gies. Per haps the most
impor tant step in mass pro duc tion of pro teins is an
effec tive expres sion strat egy for each pro tein. Unfor -
tu nately, many dif fer ent expres sion strat e gies exist for 
dif fer ent pro teins, and pre dict ing which will be the
most effec tive for a pre vi ously uncharacterized pro -
tein is often dif fi cult. Try ing dif fer ent expres sion
strat e gies can be the rate-lim it ing step in pro duc ing
pro teins, so infor ma tics tech niques that cor re late pro -
tein sequence data with effec tive ness of expres sion
strat e gies will be highly use ful. 

Design of deter gents for mem brane pro tein pro cess ing. 
Mem brane pro teins are well known for their dif fi -
culty in pro duc tion and char ac ter iza tion, yet their
char ac ter iza tion is vital for a fun da men tal under -
stand ing of cell func tion ing. Much of the art and sci -

ence of pro duc ing mem brane pro teins is focused
around sep a rat ing them from a spe cific mem -
brane with their struc tures intact. This often is
accom plished by deter gents spe cific to each pro -
tein or lipid mem brane com bi na tion. Exper i men -
tally test ing the entire space of poten tial
deter gents for each new mem brane pro tein is
prac ti cally impos si ble, but molec u lar sim u la tion
could offer tre men dous insight into which deter -
gents would work best for con di tions of inter est.
Tech niques that “learn” about the effec tive ness
(or inef fec tive ness) of dif fer ent deter gents can be
used to train a molec u lar design algo rithm to sug -
gest the best deter gents for the best com pounds.

Design of microfluidic pro cess ing envi ron ments.
Any mass-pro duc tion facil ity of this size will need 
built-in min ia tur iza tion wher ever pos si ble. This
not only saves valu able space but also allows
many pro cesses to be car ried out with smaller
quan ti ties of mate rial, which is crit i cal to some
hard-to-express pro teins. Because of this,
microfluidics has great poten tial for play ing a role 
in build ing devices to per form many or all steps
in pro duc ing pro teins. Tun ing these devices for
opti mal per for mance is a tricky pro cess, how ever,
since each new design must be fab ri cated (often
an expen sive pro cess for “one-off ” designs) and
tested. Com puter opti mi za tion already has been
used to design chan nels to keep sus pended mate -
rial from sep a rat ing and to per form mix ing using
spe cial geo met ri cal designs. 



fused to dif fer ent affin ity tags, flu o res cence tags,
or other enti ties, depend ing on demand. Equally
impor tant will be sequence-ver i fied expres sion
clones and pro to cols for obtain ing each pro tein in 
the desired form, the abil ity to gen er ate new
types of fusions as the need arises, and, for anal y -
sis of func tion, the poten tial to trans fer cod ing
sequences to vec tors suit able for expres sion of
tagged cod ing sequences in the orig i nal host. 

The facil ity must be able to pro duce and archive
at least 10,000 puri fied pro teins a year at the 1-
to 10-mg scale and to pro duce and dis trib ute
hun dreds at the 100-mg or larger scale. All
expres sion clones will be archived to allow the
facil ity to pro duce addi tional amounts of any pro -
teins as needed or to dis trib ute expres sion clones
to dis persed research groups. Poten tially use ful
modes of dis trib ut ing puri fied pro teins might be
large amounts of sin gle pro teins in solu tion, small 
amounts or pools of indi vid ual pro tein solu tions
arrayed in microtiter plates or on glass sur faces
(i.e., pro tein chips), all suit able for ana lyz ing
enzyme activ i ties, ligand bind ing, pro tein-pro tein 
inter ac tions, and such. Use ful sets might include
all avail able pro teins from indi vid ual microbes,
sets of pro teins involved in spe cific met a bolic or
sig nal ing path ways, or sets of orthologs or
homologs of the same types of pro teins from dif -
fer ent microbes. To carry out its dis tri bu tion
respon si bil i ties, the facil ity must have an effi cient
inven tory-and-retrieval sys tem and sub stan tial
array ing and chip-mak ing capa bil i ties. Com pre -
hen sive infor ma tion about the pro duc tion his tory 
and char ac ter iza tion of every prod uct must be
readily acces si ble to users through the Internet.

Spec i fy ing in detail how an inte grated, highly
auto mated, high-through put pro tein-pro duc tion
pro cess tai lored to GTL goals would look in 5
years is com pli cated by many via ble alter na tives
for each pro duc tion step and tech nol ogy’s con tin -
u ing evo lu tion. A generic pro duc tion pro cess
could use cur rent tech nol ogy, but spe cific choices
in engi neer ing a pro duc tion cen ter would depend 
on such fac tors as the state of tech nol ogy at the
time deci sions are imple mented, suit abil ity for
inte gra tion into an auto mated pro duc tion pro -
cess, expected cost and effi ciency of dif fer ent
alter na tives, and the spe cific deliv er ables desired.
Abso lutely cru cial to suc cess will be com pre hen -
sive sys tems for pro cess man age ment, data and

mate ri als track ing, com mu ni ca tion, and inte gra -
tion with the needs of other GTL facil i ties.

To max i mize the facil ity’s effi ciency and impact, a 
research and devel op ment net work of lab o ra to -
ries should be estab lished for close inter ac tion to
opti mize pro to cols and help imple ment the ini tial 
pro duc tion pro cess. Incor po rat ing exist ing exper -
tise at dis trib uted sites will be an effec tive means
of trans fer ring new pro to cols, reagents, and
exper tise.

Bioinformatics. The first stage of the pro duc tion
pro cess must be a com pre hen sive infor ma tics
anal y sis of each com plete genome’s cod ing
sequences to be expressed as pro teins. Pre dic tion
of such sequences depends on the lat est tools,
includ ing com par i sons with non-redun dant
known and pre dicted pro teins, searches for pro -
tein-fam ily or motif sig na tures, and place ment
into known pro tein fam i lies. Each pre dicted pro -
tein must be anno tated as fully as pos si ble (with
regard to known or pre dicted func tions) and
linked to rel e vant sources of infor ma tion.

Equally impor tant is com pu ta tional anal y sis and
pre dic tion of the phys i cal, chem i cal, and bio -
chem i cal prop er ties of each pro tein to be pro -
duced. This pro cess would include pre dic tions of
sec ond ary struc tures, struc tural domains,
isoelectric point, poten tial mod i fi ca tion, secre tion 
or local iza tion sig nals, poten tial mem brane inser -
tion or asso ci a tion, poten tial ligand-bind ing
motifs (e.g., met als, ATP, and cofactors), poten -
tial inclu sion in multiprotein com plexes, and
poten tial inter ac tion part ners. As infor ma tion
accu mu lates in the facil ity and else where, it also
may be pos si ble to pre dict sequences that influ -
ence the abil ity to pro duce pro teins from clones,
such as sequences that may cause paus ing or
frame-shift ing in trans la tion or sig nals for deg ra -
da tion. Improve ments in the abil ity to pre dict
whether indi vid ual pro teins are mem bers of
tightly asso ci ated multiprotein com plexes will be
par tic u larly impor tant, as indi vid ual pro teins
from such com plexes expressed with out their
inter act ing part ners are likely to be insol u ble or
unsta ble.

A com pre hen sive infor ma tics anal y sis should
allow the group ing of any genome’s pro teins
accord ing to their like li hood of being well
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expressed and sol u ble. This anal y sis could serve as 
the basis for assign ing cod ing sequences to dif fer -
ent path ways for expres sion and pro tein puri fi ca -
tion, thereby improv ing the effi ciency of the
pro duc tion pro cess. An impor tant facil ity prod uct 
should be the gen er a tion, test ing, and improve -
ment of these infor ma tics pre dic tions, tak ing
advan tage of com plete track ing of pro duc tion
out comes and min ing the data for infor ma tive
cor re la tions between amino acid sequence and
expres sion behav ior.

Clone Con struc tion. Once the cod ing sequences
to be expressed are iden ti fied and clas si fied, the
clon ing, expres sion, and puri fi ca tion path way for
each pro tein must be laid out. This pro cess will
evolve with expe ri ence but should be spec i fied
com pletely in soft ware. Clon ing will include
select ing the appro pri ate vec tors, design ing
oligonucleotide prim ers for the poly mer ase chain
reac tion (PCR), spec i fy ing how each PCR prod -
uct is to be pro cessed and inserted into the appro -
pri ate vec tor, and iden ti fy ing the trans for ma tion
pro cess and host. In design ing PCR prim ers, the
poten tial for gen er at ing mRNA sec ond ary struc -
ture that would occlude the translational start site 
should be eval u ated and, if nec es sary, min i mized
by select ing among syn on y mous codons for the
first few amino acids. Fac tors that affect vec tor
selec tion might include the pre dicted expres sion
out come (sol u ble, mem brane asso ci ated, need for 
inter ac tion part ner) and the pres ence or absence
in the cod ing sequence of spe cific restric tion
endonuclease rec og ni tion sites that might affect
clon ing. Clon ing and the soft ware that inter faces
with it must be mod u lar, allow ing easy mod i fi ca -
tion or replace ment in response to inev i ta ble
changes in goals, vec tors, pro to cols, and auto ma -
tion.

Ampli fi ca tion and clon ing tech nol ogy is not fool -
proof, so rep li cate clones must be car ried through 
the pro cess and a cor rect clone iden ti fied by
DNA sequenc ing of the entire cod ing sequence
and crit i cal adjoin ing vec tor com po nents. Such
qual ity con trol is essen tial because enor mous
down stream efforts will rely on each clone’s cor -
rect ness and rapid avail abil ity. Thus, a DNA
sequenc ing capac ity that can han dle the most
rapid antic i pated rate of ini tial clone pro duc tion
must be an inte gral part of the facil ity. Based on
cur rent expe ri ence, four iso lates would be
sequenced from each of two types of clones for

each pro tein (a total of eight). One clone would
carry the cod ing sequence in a form suit able for
error-free trans fer to var i ous vec tors for expres -
sion as the native pro tein or coexpressed with
inter act ing part ners. The sec ond clone would be
capa ble of express ing the pro tein fused to an
affin ity tag suit able for rapid puri fi ca tion. One
cor rect iso late of each type and its puri fied
plasmid DNA would be archived; the remain ing
iso lates would be dis carded.

The require ment for error-free expres sion clones
means that any clone gen er ated by PCR must be
val i dated by DNA sequenc ing. Reli able, effi cient, 
and flex i ble error-free trans fer of cod ing
sequences among dif fer ent vec tors is urgently
needed. This need arises because of the prob a ble
demand for many dif fer ent (cur rently unpre dict -
able) fusion prod ucts for each pro tein, the neces -
sity of com bin ing dif fer ent cod ing sequences for
coexpres sion to pro duce pro tein com plexes, and
the antic i pated need of other GTL facil i ties for
trans fer of cod ing sequences to vec tors for expres -
sion of tagged pro teins in their orig i nal host. Per -
form ing such trans fers by PCR is likely to impose 
a sig nif i cant over head of DNA sequenc ing to ver -
ify clones. Sys tems for trans fer of DNA frag ment
from one vec tor to another through recom bi na -
tion (i.e., lambda inser tion or Cre/lox) are attrac -
tive but add eight or more addi tional amino acids 
within the cod ing sequence to cre ate the pro tein
fusions, which may or may not mod ify the pro -
tein’s struc ture and func tion. At least one inte -
grated sys tem with greater flex i bil ity for
error-free trans fer of cod ing sequences to fusion
or coexpres sion vec tors is under devel op ment but 
has not yet reached the stage of exten sive test ing.
Devel op ing and val i dat ing clon ing sys tems suit -
able for auto mated, error-free trans fer of cloned
cod ing sequences among vec tors or for
coexpression to pro duce pro tein com plexes are
high-pri or ity near-term activ i ties. Their suc cess
could have a sub stan tial impact on the effi ciency
and suc cess of other GTL facil i ties.

Gen er at ing and archiv ing a recom bi nant clone
start ing from PCR prim ers and tem plate DNA is
a lin ear pro cess that requires a week or lon ger.
PCR ampli fi ca tion, pro cess ing of the PCR prod -
uct, inser tion into a vec tor, trans for ma tion of the
host cell, and plat ing for sin gle col o nies typ i cally
will take 1 to 2 days. The slow est indi vid ual step
is to grow a col ony from a sin gle cell, which typ i -
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cally takes 18 hours or more and must be done
twice sequen tially, first to obtain the ini tial
transformant and then to obtain a pure cul ture.
Plasmid prep a ra tion and DNA sequenc ing to val -
i date the clone typ i cally would take another
2 days. Except for PCR and DNA sequenc ing,
the same pro cesses are involved in trans fer ring
cod ing sequences among vec tors or trans fer ring
clones among hosts. In small-scale oper a tions
plat ing, pick ing sin gle col o nies, and inoc u lat ing
cul tures usu ally are done man u ally. To achieve the 
through put envi sioned for the pro tein pro duc tion 
facil ity and to min i mize errors, how ever, these
pro cesses must be auto mated on a scale that can
pro cess at least a thou sand clones a day reli ably
and with out cross-con tam i na tion.

In Vivo Expres sion and Puri fi ca tion. As expres -
sion clones are obtained, they will be tested for
expres sion level and sol u bil ity. Some sys tems,
such as the widely used and pow er ful
bacteriophage T7 gene expres sion sys tem, require 
that the expres sion plasmid be trans ferred to a
spe cial host. Recently devel oped auto-induc tion
pro ce dures greatly sim plify the auto ma tion of
expres sion and sol u bil ity test ing in the T7 sys tem, 
which can be readily accom plished with 100 µL
or less of cul ture in plate for mat. Cul tures may be 
lysed very sim ply and sol u ble and insol u ble frac -
tions sep a rated by fil tra tion in 96-well for mat. A
poten tial bot tle neck is the use of gel elec tro pho re -
sis to ana lyze total sol u ble and insol u ble frac tions. 
The method is highly infor ma tive, but sam ple
load ing, gel stain ing, and cap tur ing images of
stained gels elec tron i cally are tedious and dif fi cult 
steps to auto mate. Alter na tive meth ods should be 
explored for auto mated gen er a tion of required
infor ma tion, per haps tak ing advan tage of affin ity
reagents, auto mated microfluidics, or mass spec -
tro met ric meth ods.

Well-expressed, suf fi ciently sol u ble pro teins can
pro ceed directly to small-scale pro duc tion and
puri fi ca tion. Cul tures grown in par al lel in
auto-induc ing medium in shak ing baf fled ves sels
can readily pro duce hun dreds of high-den sity,
well-induced cul tures suit able for auto mated puri -
fi ca tion pro ce dures that gen er ate puri fied pro -
teins on the 1- to 100-mg scale. Puri fi ca tion
capac ity must be at least 96 pro teins per day.
Auto mated pro tein puri fi ca tion on this scale cur -
rently requires the ini tial use of affin ity tags. Fol -
low ing the affin ity step with auto mated

size-exclu sion chro ma tog ra phy would increase
purity, pro vide infor ma tion about solu tion size
and oligomerization, and place the pro tein in the
desired buffer. Por tions of the puri fied pro tein
would pro ceed to a pipe line for purity tests and a
stan dard bat tery of char ac ter iza tions of phys i cal,
chem i cal, or bio chem i cal prop er ties. The remain -
der would be aliquoted for stor age. Devel op ing
con di tions for long-term stor age, from which
use ful pro tein can be recov ered reli ably, will be
essen tial. After test ing and char ac ter iza tion,
aliquots of stored pro tein would be avail able for
dis tri bu tion to users in ways to be deter mined. 

In Vitro Syn the sis. In vitro expres sion sys tems
derived from Esch e richia coli or wheat germ have 
been imple mented recently for high-through put
pro tein pro duc tion in Japan. Such sys tems may
be par tic u larly effec tive for rapid coexpres sion
test ing of dif fer ent pro tein com bi na tions, screen -
ing for pro tein activ i ties or inter ac tions, and pro -
duc ing pro teins under con di tions dif fi cult to
achieve in vivo. In vitro expres sion is driven from
PCR prod ucts (or plasmids) with T7 RNA poly -
mer ase, and the abil ity to use the same vec tors for 
in vivo and in vitro expres sion could be a big
advan tage. An in vitro expres sion mod ule in this
facil ity could test pos si ble uses and the cost-effec -
tive ness of dif fer ent com bi na tions of in vivo and
in vitro expres sion for dif fer ent pur poses. Devel -
op ing res i dent exper tise with in vitro syn the sis of
pro teins will be impor tant for the pro tein pro duc -
tion facil ity’s future suc cess.

Chem i cal Syn the sis. Another route to pro tein
pro duc tion is total chem i cal syn the sis. Over the
last few years, sev eral tech ni cal advances involv -
ing chem i cal reac tions and the use of pro -
tein-splic ing inteins have per mit ted the liga tion of 
short (i.e., 20-mer) pep tides into lon ger
polypeptides. All of a proteome’s short pro teins
(i.e., <60 amino acids) are envi sioned to be syn -
the sized chem i cally in an expe di ent man ner; dif fi -
cult-to-express pro teins less than 200 amino acids 
long would be attempted by chem i cal liga tion.
One appeal of chem i cal syn the sis is that
post-translational mod i fi ca tions, unnat u ral amino 
acids, and reporter groups such as bio tin,
fluorochromes, lanthanides, and iso topes can be
designed readily into such pro teins. 
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Chal lenges. Only about 30 to 50% of pro teins
spec i fied by a micro bial genome are expected to
be well expressed and sol u ble enough to pass
directly through a stan dard pro duc tion and puri -
fi ca tion path way. Mem brane pro teins and
secreted pro teins are impor tant classes that usu -
ally can be iden ti fied by sequence anal y sis but are
dif fi cult to obtain by stan dard meth ods. Some
mem brane pro teins can be pro duced in rea son -
able amounts in stan dard expres sion sys tems in E.
coli, but this has not been the gen eral expe ri ence.
Most mem brane pro teins can not be puri fied with 
the stan dard meth ods for sol u ble pro teins, so
devel op ment of gen eral meth ods for extrac tion,
puri fi ca tion, and char ac ter iza tion will be nec es -
sary to purify sig nif i cant frac tions of mem brane
pro teins from indi vid ual microbes. (See sidebar,
Pro duc tion of Mem brane Pro teins.) Some
secreted pro teins may be obtained sim ply by
clon ing with out the secre tion sig nal, but oth ers
may be more readily obtained by express ing in
con fig u ra tions where they are secreted. 

Another impor tant class of insol u ble or unsta ble
pro teins con sists of mem bers of multiprotein
com plexes expressed in the absence of their inter -
act ing part ners. Infor ma tics anal y sis some times
can iden tify these pro teins and their part ners, and 
the capac ity to make reli able iden ti fi ca tions
should expand as the body of infor ma tion about
pro tein inter ac tions and micro bial pro tein com -
plexes increases. In par tic u lar, pro tein com plexes
will be a focus of the Facil ity for Char ac ter iza tion 
and Imag ing of Molec u lar Machines, and infor -
ma tion pro duced there should rap idly improve
the over all abil ity to pre dict pro tein com plexes in
microbes. If pro tein com plexes can be sol idly
iden ti fied in the ini tial proteome anno ta tion,
com po nents can be coexpressed in cells and puri -
fied as assem bled com plexes. Pro teins that are
insol u ble or appear to be poorly expressed are
can di dates for uniden ti fied or ten ta tively iden ti -
fied com plexes. If any infor ma tion can be inferred 
about poten tial inter ac tion part ners, tests of
coexpres sion would be desir able. In vitro expres -
sion may be ideal for rapid tests of likely com bi -

na tions of pro teins, since coexpres sion can be
obtained sim ply by add ing mix tures of expres sion 
plasmids (or even PCR prod ucts) directly to the
trans la tion mix ture. If sol u ble com plexes are iden -
ti fied in this way, clones for coexpression in
standard expression systems could be generated.

Lack of an inter ac tion part ner prob a bly is the rea -
son for a sig nif i cant num ber of insol u ble or
poorly expressed pro teins, but other pos si bil i ties
include improper fold ing, insuf fi cient amount of
a needed chaperone, pres ence of deg ra da tion sig -
nals, and prob lems in the trans la tion pro cess.
Screen ing insol u ble pro teins under a range of
refolding con di tions has been remark ably suc cess -
ful in obtain ing sol u ble and active pro teins. Care -
ful char ac ter iza tion is needed, how ever, to
dis tin guish cor rectly folded pro teins from
microaggregates or sol u ble pro tein micelles. A
high-through put refolding capa bil ity will be
essen tial for the facil ity. Cer tain fusion part ners
appear to pro mote fold ing or sol u bil ity in at least
some cases, and a sys tem atic test of their gen eral
appli ca bil ity might be war ranted in the facil ity’s
con text. Large pro teins tend to be poorly
expressed, and sys tems with improved expres sion
of large pro teins might be iden ti fied. Another
strat egy is to attempt to clone and express inde -
pend ently folded domains, either by ran dom sam -
pling or by infor ma tics pre dic tions. Sys tem atic
out come anal y sis for every pro tein that goes
through the pro duc tion pro cess may iden tify
causes for other types of failure and point to
remedies that could be implemented in the
facility.

Sum mary. Pro tein pro duc tion will involve a
highly diverse and com plex set of path ways and
pro cesses that will evolve con tin u ally. To main tain 
cut ting-edge per for mances, the facil ity will rely
on a dis trib uted net work of lab o ra to ries engaged
in devel op ing tech nol o gies crit i cal to the needs of 
the facil ity. An ongo ing sim u la tion effort of key
facil ity pro ce dures will opti mize these pro cesses
and enable facil ity goals to be achieved.
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Protein Production Process

Production of Membrane Proteins: 
Challenges and Solutions

Mem branes and their asso ci ated pro teins com part -
men tal ize spe cial ized machin ery that pro vides the
means by which cells and organelles com mu ni cate,
gen er ate energy, take up nutri ents, excrete wastes,
trans duce sig nals, and build gra di ents of ions and
other small mol e cules used to fuel all nor mal cel lu -
lar activ i ties in healthy organ isms. In any organ ism, 
roughly one-third of genes revealed by genome-
sequenc ing pro grams encode mem brane pro teins.
Unfor tu nately, mem brane-asso ci ated pro teins have
been noto ri ously dif fi cult to purify in quan ti ties
suf fi cient for exten sive bio chem i cal stud ies. For sig -
nif i cant advances to be made in study ing mem -
brane pro teins, inno va tive strat e gies are needed for
iden ti fi ca tion, expres sion, puri fi ca tion, char ac ter iza -
tion, and struc ture deter mi na tion of mem brane
pro teins. 

Areas for improve ment include:

Iden ti fi ca tion. Improve ments are nec es sary in
bioinformatics capa bil i ties to enhance rec og ni tion
of genes encod ing mem brane pro teins. Espe cially
lack ing are meth ods for reli able pre dic tion of the
num ber and loca tion of mem brane-span ning
domains, their sec ond ary struc tures, and their
transmembrane topol ogy. Iden ti fi ca tion
transmembrane pro tein sid ed ness will imply poten -
tial sites for ligand bind ing and pro tein-pro tein
inter ac tions. 

Expres sion. A vari ety of heterologous expres sion
sys tems must be devel oped, adapted, and employed 
because no sin gle sys tem is likely to prove use ful for 
all mem brane pro teins. The pro tein pro duc tion
facil ity must be capa ble of express ing mem brane
pro teins in Esch e richia coli and alter na tive
prokaryotic hosts, yeasts, insect cell cul ture, Semliki 
For est virus cul ture, and mam ma lian cell cul ture.
Vec tors or sys tems that cou ple expres sion of mem -
brane pro tein biogenesis part ners, chaperones, and
pro tein lig ands should be designed and employed
within every heterologous expres sion sys tem. Since

expres sion in some sys tems will be at lower lev els
than those observed for sol u ble pro teins, highly
sen si tive meth ods must be devel oped to assess
mem brane pro tein-expres sion lev els. 

Puri fi ca tion. High-through put assays must be
devel oped that can screen pro tein-deter gent or pro -
tein-lipid inter ac tions and mon i tor the integ rity of
mem brane pro teins dur ing extrac tion and puri fi ca -
tion. Suc cess in puri fy ing mem brane pro teins that
retain native func tion al ity will be aided by the con -
tin ued evo lu tion of “designer” deter gent and lipid
mol e cules and by thor ough char ac ter iza tion of
mem brane lipid con tent in each native organ ism. If
the expres sion sys tems above do not yield natively
folded, func tional pro teins, capa bil i ties will be
required for puri fy ing and defolding mem brane
pro teins from inclu sion bod ies. 

Char ac ter iza tion. High-through put bio phys i cal
and bio chem i cal assays that deter mine the integ rity
and purity of tar get mem brane pro teins will be
needed for qual ity con trol. These meth ods include
mass spec trom e try (for con firm ing molec u lar iden -
tify of the puri fied mate ri als and eval u at ing their
chem i cal purity), siz ing high-per for mance liq uid
chro ma tog ra phy (for eval u at ing sam ple integ rity),
quasielastic or dynamic light scat ter ing (for deter -
min ing the molec u lar masses of pro tein-deter gent
com plexes and oligomeric states of puri fied mem -
brane pro teins), and cir cu lar dichroism and Fou rier
trans form infra red spectroscopies (for esti mat ing
sec ond ary struc ture con tent of pro teins in deter gent 
micelles and lipid bilayers). For deter min ing the
activ ity of hypo thet i cal mem brane pro teins, a bat -
tery of enzy matic and bind ing assays used for sol u -
ble pro teins must be adapted to con di tions that
require the pres ence of deter gent or a lipid bilayer.
Char ac ter iza tion of puri fied mem brane pro teins
poten tially may be assisted by affin ity reagents that
sta bi lize them through out the pro cess.



Protein Characterization
Process

The ulti mate goal of the pro tein pro duc tion facil -
ity is to pro vide the resources needed to cre ate a
dynamic knowl edge base for under standing a liv -
ing sys tem. This facil ity will sup ply reagents (pro -
teins, affin ity reagents, and clones for pro tein
pro duc tion) to users in the sci ence com mu nity
and to the other three GTL facil i ties. Char ac ter -
iza tion and uti li za tion of these reagents is essen -
tial to ensur ing their qual ity and max i miz ing the
return on GTL’s sci en tific invest ment. The facil ity 
will ful fill both pro duc tion and R&D roles inte -
grated through pro cess con trols and rig or ous
infor ma tion-man age ment architecture and
reporting requirements.

Stan dards and con sis tency of char ac ter iza tion
data will enable an under stand ing not achiev able
by com par i sons of data obtained by mul ti ple labs
under var i ous con di tions. Espe cially in the pro -
ject’s early stages, dis trib uted end users should be
allowed to ver ify a sub set of facil ity char ac ter iza -
tions. This will val i date the qual ity-assur ance pro -
gram and rep re sent an impor tant
con fi dence-build ing mea sure. Exam ples of ana lyt -
i cal meth ods that should be con sid ered in the ini -
tial suite of char ac ter iza tion capabilities in the
facility include:

• Cap il lary sequenc ing to val i date the clone or
DNA tem plate pro duc ing the pro tein or affin -
ity reagent.

• Proteolytic-digest mass spec trom e try to com -
pare pre dicted and ana lyt i cally mea sured
molec u lar weight and amino acid sequence. 

• Cap il lary elec tro pho re sis or chro ma tog ra phy to 
mon i tor prod uct purity and con tam i na tion.
Mass spec tro met ric anal y sis also can con trib ute
sig nif i cantly to estab lish ing product purity.

Exam ples of meth od ol o gies to eval u ate and mon -
i tor pro tein and affin ity reagent sol u bil ity, sta bil -
ity, polydispersity, and aggre ga tion in solu tion
include:

• Dynamic light-scat ter ing mea sure ments or scat -
ter ing of other par ti cles (e.g., X rays and neu -
trons) to probe at other length scales or
resolv ing power. 

• Dif fer en tial scan ning cal o rim e try to char ac ter -
ize sta bil ity.

• UV-VIS and flu o res cence spec tra using intrin -
sic chromo phores and report ing dyes and tags. 

Meth ods should be estab lished for high-through -
put char ac ter iza tion of ele ments of pro tein struc -
ture and dynam ics. Although through put of the
fol low ing meth ods might very widely, all would
pro vide valu able infor ma tion and can be envi -
sioned to scale. Can di dates include:

• UV-VIS and flu o res cence spectroscopies, again 
using intrin sic or extrin sic chromo phores.

• Cir cu lar dichroism, espe cially with short-wave -
length syn chro tron radi a tion.

• Sin gle- and mul ti di men sional nuclear mag netic
res o nance spectroscopies for iden ti fi ca tion of
folded and unfolded pro teins and pro tein seg -
ments. Mul ti di men sional spectroscopies (e.g.,
1H-15N HSQC) have the advan tage that they
can pro vide more spe cific and unequiv o cal
infor ma tion but require ~0.3- to 1.0-nm con -
cen tra tions of iso to pi cally labeled proteins.  

• Par tial pro te ol y sis or D2O exchange and mass
spec tro met ric anal y sis for iden ti fi ca tion of
ordered and dis or dered regions of the protein. 

• More spe cial ized anal y sis tools for iso to pic
com po si tion of labeled prod ucts: car bo hy drate, 
lipid, deter gent, metal, and cofac tor con tent;
and pres ence or absence of fusions and affin ity
and reporter tags.

Since the ulti mate goal of GTL is to under stand
how pro teins pro duced by this facil ity func tion
within molec u lar machines, ini tial assays that
would con trib ute directly to under stand ing func -
tion would be very use ful. There are advan tages
and dis ad van tages to per form ing func tional
screens at the facil ity rather than at indi vid ual
user lab o ra to ries. Detailed inves ti ga tions of pro -
tein func tion requir ing sig nif i cant resources
devoted to a spe cific pro tein’s pecu liar i ties are
more effi ciently per formed in a dis trib uted net -
work of user lab o ra to ries where in-depth knowl -
edge can be best applied to spe cific prob lems. For 
many tech nol o gies, how ever, econ o mies of scale
and uni for mity in mea sure ment of qual ity-assured 
mate ri als argue for a sin gle facil ity. Sev eral exam -
ples include high-through put assays for ligand,
cofactor, and protein binding, as well as enzyme
activity.

A dis trib uted net work of char ac ter iza tion is one
model to con sider. This model would engage a
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wider com mu nity and uti lize intel lec tual and cap -
i tal resources for char ac ter iza tion beyond the
facil ity.  An addi tional advan tage of a dis trib uted
char ac ter iza tion net work is that the users become 
true col lab o ra tors vested in the results.  This pro -
posed model pres ents a num ber of chal lenges
from data stan dards to inves ti ga tor expec ta tions
for data sharing and intellectual property. 

A tiered net work of char ac ter iza tion needs should 
be estab lished for the pro tein pro duc tion facil ity
and piloted over the next few years. DOE must
invest in pilot pro jects to adapt exist ing tech nol o -
gies to high-through put anal y sis of pro teins and
affin ity reagents on plat forms that would inter -
face well to upstream and down stream pro cesses.
Pilot pro jects also would estab lish and val i date
exper i men tal and data stan dards, imple ment a
sin gle infor ma tion-tech nol ogy sys tem to reli ably
cap ture and share infor ma tion with down stream
users and the national sci en tific com mu nity, and
estab lish a com mu ni ca tion pro to col to accom -
plish these goals.

Affinity Reagent Production  

One of the facil ity’s stated aims is to pro vide
affin ity reagents against pro tein tar gets from any
proteome. Although affin ity reagents such as
anti bod ies have been invalu able in study ing pro -
tein func tion (see sidebar, What Have Anti bod ies 
Done for the Study of Proteins?), gen er at ing
affin ity reagents for thou sands of pro teins in a
proteome will be a major chal lenge. Such an
enter prise will require mul ti ple cross-dis ci plin ary
com po nents, includ ing pro tein scaf folds, selec -
tion plat forms, fac ile clon ing pro ce dures, mod u -
lar vec tors, auto ma tion, cus tom soft ware
devel op ment, and LIMS. Affin ity reagents must
be eas ily derived and usable in real-world exper i -
ments, and pro duc ing them in quan ti ties and
qual ity suf fi cient for car ry ing out such
experiments should require minimal efforts.

Scaf folds. Monoclonal anti bod ies (mAbs) are sta -
ble pro teins of high affin ity and spec i fic ity that
have been used in many research pro ce dures, but
gen er at ing them is time con sum ing and labor
inten sive and requires immu ni za tion of mice. It
appeared 10 years ago that mAbs even tu ally
would be replaced by sin gle-chain frag ments of

vari able regions (scFvs) or frag ments of anti -
gen-bind ing domains (Fabs), which could be
selected from large naive phage dis play librar ies.
Such librar ies offered the advan tages of diver sity,
high affin ity, and spec i fic ity in a poten tially high
through put for mat; elim i nated the use of ani mals;
and avoided prob lems of poor immunogenicity.
While scFvs and Fabs have been very suc cess ful in 
some cases and essen tial in the devel op ment of
anti body ther a peu tics, they often have suf fered
from poor sta bil ity and low expres sion yields.
These lim i ta tions have prompted sci en tists to
search for improved scaf folds that offer prop er ties 
more appro pri ate for high-through put proteomic
appli ca tions (see sidebar, Attrib utes of the Ideal
Affin ity Reagent). In gen eral, most of these
scaf folds (such as domains derived from
immunoglobulins, fibronectin, ankyrin, lipocalin, 
or pro tein A) offer prom ise in over com ing prob -
lems of work ing with anti body frag ments as well
as in enhanced sta bil ity and in the abil ity to bind
their tar gets in inside cells. 

Another prom is ing scaf fold is the green flu o res -
cent pro tein (GFP), which has been engi neered
to con tain anti body bind ing loops and com bines
the advan tages of spe cific, sen si tive, high-affin ity
mAbs with those of GFP (i.e., intrin sic flu o res -
cence, high expres sion, sta bil ity, and sol u bil ity).
In addi tion to pro tein scaf folds, pep tides also
have been used as affin ity reagents. They offer
some advan tages in the study and iden ti fi ca tion
of pro tein-pro tein inter ac tion part ners and sur -
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What Have Antibodies Done for
the Study of Proteins?

• Confirmed gene assignments by identifying
proteins

• Determined protein levels under different
conditions

• Identified and characterized post-translational
modifications (>100 described)

• Localized proteins (tissue, cell, organelle)

• Identified function (inhibition or
mislocalization)

• Identified interacting partners in complexes

• Promoted crystallization for structure
determination



faces as well as enzyme inhi bi tion, for which
larger pro tein scaf folds are less well suited.
Finally, DNA and RNA oli go mers, termed
aptamers, are a prom is ing source of affin ity
reagents.

Selec tion Plat forms. As different genome pro jects
are in dif fer ent phases of devel op ment, a sin gle
selec tion plat form is unlikely to be appro pri ate
for all genomes. Where puri fied pro teins are
avail able, phys i cal selec tion meth ods (e.g., phage, 
yeast, or RNA dis played librar ies) prob a bly will
be most effec tive. Although phage or mRNA dis -
played librar ies most likely are ame na ble to
high-through put selec tion, yeast dis play will be
extremely use ful in char ac ter iz ing selected bind ers 
where affin ity and epitope iden ti fi ca tion can be
car ried out rel a tively eas ily. A sys tem that per mits
rapid trans fer of cod ing regions for affin ity
reagents from phage to yeast (and vice versa) may 
well com bine the best of both plat forms. When
only the sequenced genome is avail able,

two-hybrid or pro tein-complementation genetic
meth ods are likely to be most effec tive, elim i nat -
ing the need to pro duce puri fied pro tein. In these 
meth ods, inter ac tion between bind ing ligand and
tar get con fers sur vival on the cell con tain ing the
inter act ing pair. 

Down stream Use. Which ever selec tion method is
used, down stream use must be straight for ward.
As the selected affin ity reagents are likely to be
put to very var ied uses (see sidebar, Anti body
Meth ods Appli ca ble to Affin ity Reagents), they
must be eas ily for mat ted for use in dif fer ent sys -
tems. This requires robust and fac ile mech a nisms
to trans fer spe cific bind ing reagents from selec -
tion vec tors to use vec tors (e.g., prokaryotic
expres sion, yeast dis play, intracellular expres sion,
enzy matic fusion, and immo bi li za tion vec tors).
Sys tems based on Cre/lox offer one solu tion, with 
librar ies of affin ity reagents flanked by
nonhomologous lox sites cre ated in selec tion vec -
tors that can be moved eas ily on either the sin gle
clone or library scale into down stream use or
screen ing vec tors.
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Antibody Methods Applicable to
Affinity Reagents

• Western blots

• Quantification assays (ELISAs, RIAs)

• Immunoprecipitation, mass spectrometry

• Immunofluorescence, immunohistochemistry

• Immunoelectron microscopy

• Intracellular perturbation

• Enzyme inhibition studies 

• Immunopurification

• Protein/antibody arrays

Attributes of the Ideal Affinity
Reagent

• Well displayed in all selection formats

• Functional production in all cellular
compartments

• Stable

• Monomeric 

• Expressed at high levels

• Selective, strong binding

• Intrinsic detection function

• Functionality instantly assessable

• Easy measurement of concentrations without
purification



Cus tom ers. One of the many advan tages for
large-scale pro duc tion of affin ity reagents is com -
plete ness (see sidebar, Poten tial Advan tages of
Affin ity Reagents on a Proteomic Scale). This
con cept has been well appre ci ated in the DNA
chip arena, where the abil ity to assess the
transcriptional activ ity of all an organ ism’s genes,
rather than a readily iso lated or iden ti fied sub set,
has led to com pletely unex pected dis cov er ies in
gene acti va tion. Only when com plete ness of cov -
er age is avail able can insights of this kind be
made. In addi tion, the pro vi sion of high-qual ity
affin ity reagents on such broad scales will lead to
greater col lab o ra tion and reproducibility among
dif fer ent experimentalists, as well as the elim i na -
tion of ani mal use for immu ni za tion. Although
ini tial cus tom ers prob a bly will be DOE grant ees,
the facil ity likely will lead to unex pected sci en tific, 
bio tech no log i cal, and com mer cial oppor tu ni ties
and thereby to an increase in the poten tial user
base. 

Possible Education and
Outreach Functions

• Make a major attempt to extract gen er al iza tions 
about pro tein expres sion, puri fi ca tion, and
char ac ter iza tion, and make them acces si ble to
the gen eral pro tein community.

• Ini ti ate a Web site where instruc tions and cau -
tions can be posted, col lected, and orga nized.

• Teach courses onsite to dis sem i nate accu mu -
lated knowl edge and tech ni cal expe ri ence.

• Encour age vis it ing sci en tists and estab lish a
minisab bat i cal pro gram to allow spe cific que -
ries of the data set or to probe the effects of
many vari ables. These stud ies are more effi cient 
with high-through put facil i ties and a large
num ber of pro teins.

• Estab lish a fel lows pro gram to offer rel e vant
for mal affil i a tions with the facil ity to lead ing
sci en tists around the coun try. This group could 
act as a board of sci en tific advi sors to gain gen -
eral accep tance of the con cept; lend pres tige,
exper tise, and vis i bil ity to the facil ity; and
ensure that the facil ity is linked to the aca demic 
and indus trial com mu ni ties.

• Start an intern pro gram for grad u ate stu dents
or post doc toral fel lows to work and learn.

• Form an infor ma tion-shar ing coop er a tive with
var i ous struc tural genomics cen ters around the
coun try that will be gen er at ing data, pro to cols,
and exper tise while focus ing on their tar get
microbes. 

• Share best-prac tice pro to cols used in solv ing
tech ni cal prob lems and iden ti fy ing robust,
effec tive, reli able meth ods. Facil ity staff will
accu mu late extremely use ful infor ma tion that,
if care fully writ ten up and dis sem i nated, would
help the entire pro tein com mu nity. Many of
these best prac tices already have been iden ti fied 
in other labs and cen ters, but they need to be
accu mu lated, tested, refined, and made
generally available.

• Con duct pro tein out reach by pre par ing effec -
tive mate ri als and iden ti fy ing out stand ing
spokespeople who can explain to Con gress and
the gen eral pub lic the value of pro tein research
and why it is impor tant in truly under stand ing
the bio log i cal pro cesses under ly ing all liv ing
organ isms.
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Possible Education and Outreach Functions

Potential Advantages of Affinity
Reagents on a Proteomic Scale 

• Completeness: A set of affinity reagents for all
gene products and post-translational
modifications  far more useful than a “sum of
subsets” and allowing characterization and
identification of unexpected protein roles

• Greater understanding of protein function on a
proteomic scale

• Consistency of reagents leading to more
reproducible interlaboratory experiments 

• Elimination of animal use

• Facilitation of current research projects

• Low cost from economies of scale 

• Forum for collaborations
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Production of Membrane Proteins: 
Challenges and Solutions

Pre pared by Eric Ackerman (Pacific North west National Lab o ra tory), Andrew Bradbury (Los Alamos
National Lab o ra tory), James Brainard (LANL), Rich ard Bur gess (Uni ver sity of Wis con sin-Mad i son),
Deborah Hanson (Argonne National Lab o ra tory), Brian Kay (ANL), Lee Makowski (ANL), George
Michaels (PNNL), Danny Rintoul (Sandia National Lab o ra to ries), Rick Stevens (ANL), and Wil liam Studier 
(Brookhaven National Lab o ra tory).
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