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Abstract

Protein crystallography, mapping protein interactions, and other functional genomic approaches require purifying many diVerent pro-
teins, each of suYcient yield and homogeneity, for subsequent high-throughput applications. To Wll this requirement eYciently, there is a
need to develop robust, automated, high-throughput protein expression, and puriWcation processes. We developed and compared two
alternative workXows for automated puriWcation of recombinant proteins based on expression of bacterial genes in Escherichia coli
(E. coli). The Wrst is a Wltration separation protocol in which proteins of interest are expressed in a large volume, 800 ml of E. coli cultures,
then isolated by Wltration puriWcation using Ni–NTA–Agarose (Qiagen). The second is a smaller scale magnetic separation method in
which proteins of interest are expressed in a small volume, 25 ml, of E. coli cultures then isolated using a 96-well puriWcation system with
MagneHis Ni2+ Agarose (Promega). Both workXows provided comparable average yields of proteins, about 8 �g of puriWed protein per
optical density unit of bacterial culture measured at 600 nm. We discuss advantages and limitations of these automated workXows, which
can provide proteins with more than 90% purity and yields in the range of 100 �g to 45 mg per puriWcation run, as well as strategies for
optimizing these protocols.
© 2005 Elsevier Inc. All rights reserved.
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Answering biological and medical questions about
protein function in the new era of systems biology and
functional genomics requires the application of high-
throughput approaches for parallel production of many
diVerent puriWed proteins from the same organism. Protein
crystallography, generating antibodies or other aYnity
reagents (aptamers) to proteins of interest, and in vitro
mapping of protein–protein interactions are technologies
that need not only large numbers of puriWed proteins but
also suYcient quantities of them. Despite the continued
miniaturization of these technologies, tens or hundreds of
micrograms of puriWed proteins are needed to achieve
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meaningful outcomes. SuYcient quantities of desired
homogeneous proteins can eYciently be generated by high-
throughput processes performed in an automated fashion.

Genome-scale in vivo [1–3] and in vitro [4] expression
approaches have been described that allow high-through-
put automated cloning and expression of soluble proteins
of any organism in a well deWned expression system.
Recombinant expression in Escherichia coli (E. coli) is the
oldest system, and because of its simplicity, low cost, and
robustness, still remains the most popular of the expression
systems [5].

PuriWcation of expressed proteins is most eYciently
accomplished by using a variety of aYnity tags that are
engineered at the N- or C- terminus of expressed proteins
[6]. Although automated, high-throughput, proteome-scale
puriWcation processes have already been described [7,8] for
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small microgram quantities of puriWed proteins, the parallel
high-throughput puriWcation of larger amounts of proteins
are still a considerable technical and technological chal-
lenge. While the puriWcation of a single protein is a rela-
tively simple procedure, each labor intensive step in the
parallel puriWcation of many proteins can quickly become a
bottleneck for the whole process.

In this work we compare a large-scale, lower-through-
put, Wltration-based puriWcation process with a lower-scale
but higher-throughput, magnetic bead-based puriWcation
process. We discuss the bottlenecks associated with auto-
mated high-throughput protein puriWcation as well as
approaches for optimizing workXow logistics for maximum
protein yield.

Materials and methods

High-throughput cloning and protein expression proWling

From the annotation of Shewanella oneidensis (S. oneid-
ensis), hypothetical proteins were chosen and sorted into
cytoplasmic, helical membrane, or periplasmic proteins by
sequence analysis. The signalP algorithm [9] was used for
analysis of the initial 70 N-terminal amino acids of each
protein. The program parameters were selected for a gram
negative organism and any proteins identiWed as containing
signal sequences by the Neural Net (NN)1 or Hidden
Markov Model modes (HMM) were removed from the het-
erologous expression targets set. Proteins containing trans-
membrane regions were identiWed by application of the
transmembrane TMHMM program [10]. Proteins identi-
Wed as containing transmembrane helical segments were
removed from the expression target set. PCR primers were
designed using a publicly available tool [11] to design prim-
ers (http://tools.bio.anl.gov.8080/publicExpressPrimer-Tool
/index.html) for ampliWcation of DNA coding regions.

The open reading frames (ORFs) of hypothetical pro-
teins from S. oneidensis were ampliWed from genomic DNA
with KOD DNA polymerase using conditions and reagents
provided by the vendor (Novagen, Madison, WI). The
ampliWed fragments were cloned into a pMCSG7 vector
using a modiWed ligation independent cloning protocol [12].
All primers contained ligation independent cloning regions
compatible with the pMCSG7 cloning vector [13]. This pro-
cess generated expression clones producing a fusion protein
with an N-terminal hexahistidine (His6) tag and a TEV
protease recognition site (ENLYFQ#S). The fusion pro-
teins were over-produced in an E. coli BL21 strain harbor-
ing a plasmid encoding three rare E. coli tRNAs (Arg
[AGG/AGA] and Ile [ATA]). After IPTG induction, targets
were analyzed for expression and solubility via denaturing
gel electrophoretic (SDS–PAGE) analysis. Targets were
scored as positive for expression and solubility if a detect-

1 Abbreviations used: OD, optical density; ORFs, open reading frames;
LB, Luria broth medium; LIMS, laboratory information management sys-
tem; NN, Neural Net; HMM, Hidden MarkovModel modes.
able fusion protein of the correct molecular weight was
observed on Coomassie-stained gels. Proteins were then
expressed at the production scale in E. coli BL21(DE3).

Protein expression in a Bactolift

A Bactolift is an air spurge fermentor (Lofstrand LTD,
Gaithersburg, MD) in which agitation is achieved by bub-
bling air through the culture using a Xow-controlled air
pump and ceramic air disposers. For 800 ml cultures, 23 g of
Q-Biogene Luria broth medium (LB) and 800 ml of deion-
ized water was added to a 1 L polypropylene bottle. This
medium was then inoculated with cell cultures in LB and
50 �g/ml carbenicillin to a starting density of 0.1 OD unit
measured at 600 nm (0.1 OD600). The culture was grown at
37 °C until the OD600 reached 0.6–0.9 (»2 h) at which point
800 �l of 1 M IPTG stock solution was injected to a Wnal
inducer concentration of 1 mM. The cultures were main-
tained under constant airXow (1 L/min) at 30 °C for another
3 h and then harvested. Cell pellets were resuspended in pre-
cooled lysis buVer (20 mM Hepes, 2 mM MgCl2, 1 mg/ml
lysozyme, 5�g/ml RNase, and 10 �g/ml DNase, with prote-
ase inhibitors (Roche), pH 8.0) at 1:2, w/v.

Protein expression in Falcon tubes

Protein expression for magnetic bead based protein puri-
Wcation was performed in 50 ml Falcon tubes containing
25 ml LB medium and 50 �g/ml of carbenicillin. The tubes
were incubated at 37 °C and 220 rpm to 0.6–0.9 OD600 then
induced with 1 mM IPTG and incubated overnight at 30 °C.
Aliquots of cell suspension corresponding to 30 OD600 were
dispensed to 15 ml Falcon tubes and spun down at
2500 rpm for 15 min. The bacterial pellets were stored at
¡80 °C until lysis. Protein expression experiments were per-
formed in batches of 24 or 48 tubes per batch.

Sonication mediated cell lysis and Wltration protein 
puriWcation process

Cell suspensions from a Bactolift were homogenized by
sonication. Cell debris was removed using high-speed cen-
trifugation (190,000g in a Beckman-Coulter L8-70 M cen-
trifuge with 50.2 Ti rotor) at 4 °C for 1 h. The clear lysate
was then adjusted with concentrated imidazole and glycer-
ols to Wnal concentrations of 10 mM and 5%, respectively.
Cell lysate aliquots were then applied to mini columns pre-
packed with 1.5 ml nickel nitrilotriacetic acid gel (Ni–NTA
SuperXow Agarose, Qiagen, Valencia, CA) and equilibrated
with binding buVer (20 mM Hepes, 500 mM NaCl, 10 mM
imidazole, 2 mM MgCl2, and 5% glycerol, pH 8.0). Liquid
handling procedures were performed either using a Qiagen
BioRobot 3000 according to the manufacturer’s instruc-
tions, or the liquids were allowed to Xow through the col-
umns by gravity. After loading lysates, the columns were
washed with a 10-fold volume of washing buVer (20 mM
Hepes, 80 mM imidazole, and 500 mM NaCl, pH 7.0) and
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eluted with 3 ml of elution buVer (20 mM Hepes, 150 mM
NaCl, 500 mM imidazole, and 10% glycerol, pH 7.5). The
eluted protein solutions were then dialyzed against 20 mM
Hepes and 150 mM NaCl, pH 7.5, and the protein concen-
tration determined with a Bradford Protein Assay (Bio-
Rad, Hercules, CA). Protein homogeneity was examined by
separating proteins on precast SDS 4–12% polyacrylamide
gels (Invitrogen, Carlsbad, CA) then sequentially staining
the gels with InVision His-tag (Invitrogen) and Coomassie
Blue (Gel Code Blue, Pierce, Rockford, IL) stains. Rou-
tinely, parallel puriWcation of multiple proteins on 12 or 24
columns was performed. Data about the protein puriWca-
tion and sample processing were maintained using spread-
sheets and the in-house developed laboratory information
management system (LIMS).

Reagent mediated lysis followed by protein puriWcation using 
magnetic beads

Lysis with FastBreak cell lysis reagent
Cell suspensions were centrifuged at 2000g for 10 min.

After removal of supernatant, the resulting pellets were
resuspended in 1.1 ml binding buVer (see above) supple-
mented with protease inhibitors, DNase and RNase (5 �l
each of 10 mg/ml stock solution), and lysozyme (0.1 mg/ml).
One tenth of the total sample volume of the FastBreak
reagent was added to the suspension, homogenized with a
pipette, and then the tube was rotated for 10 min at room
temperature. The mixture was subjected directly to the
automated puriWcation on MagneHis beads.

Lysis with MagneHis cell lysis reagent
Another set of cell pellets were prepared as described

above except that 1.0ml of the binding buVer previously sup-
plemented with protease inhibitors, DNase, RNAse, and
lysozyme with the MagneHis lysis reagent was added directly
to the pellets in the centrifuge tube. Subsequent procedures
were identical to those treated with FastBreak reagent.

Automated puriWcation using MagneHis magnetic Ni2+–
agarose A

Automated puriWcation of proteins was performed on
the liquid handler, Biomek FX (Beckman-Coulter, Fuller-
ton, CA), using magnetic Ni2+–agarose A particles
(Promega, Madison, WI) and a MagnaBot magnetic plate
holder (Promega). Cell lysates were loaded at 1 ml per well
of a 96-deep well plate to which 100 �l of MagneHis aga-
rose beads in a 50% slurry were transferred. The plate was
incubated for 10 min at room temperature using the
Biomek FX’s shake and pause mode (30 s shakes followed
by 1 min pauses). To wash the beads, the plate was moved
to a MagnaBot to capture the magnetic beads while aspi-
rating the unbound lysate from the wells. The plate was
then returned to the shaker and the beads in each well were
mixed with 0.5 ml of washing buVer (20 mM Hepes, pH 7.0,
500 mM NaCl, 5% glycerol, 2 mM MgCl2, and 80  mM
imidazole). This washing process was repeated four times.
After washing, 200 �l of elution buVer (20 mM Hepes, pH
7.5, 150 mM NaCl, 2 mM MgCl2, 5% glycerol, and 500 mM
imidazole) was added to each well and allowed to shake
and incubate for 10 min. After capturing the beads using
the MagnaBot, the clear eluates were transferred into a
new, clean 96-well plate and analyzed as shown in the previ-
ous paragraph.

Results

Expression of soluble proteins

A subset of the 236 hypothetical S. oneidensis proteins
predicted to be cytoplasmic proteins was selected to evalu-
ate the potential for heterologous expression of the target
set in E. coli. Expression was conWrmed for 61% of the
hypothetical target set by denaturing gel electrophoresis.
Approximately 50% of the clones expressing fusion prod-
ucts generated a visible amount of soluble protein detected
on the Coomassie blue stained gels. The soluble proteins
were grouped into several relative categories based on qual-
itative assessment of band intensity, determined via the
Coomassie blue staining after denaturing gel electrophore-
sis. The solubility assignments at this analytical scale show
a general correlation to the yield of soluble protein
obtained in preparative-scale cultures puriWed using stan-
dard column-based puriWcation methods. This was in
agreement with a previous large-scale study [1].

Steric factors aVecting fusion protein binding to nickel beads

The optimal amount of beads needed for maximum yield
of puriWed protein depends on the binding eYciency of the
hexahistidine-tagged fusion proteins to the nickel beads. Pro-
tein-bead binding is aVected by multiple factors such as steric
availability of the aYnity tag, the native size of the tagged
protein, and the expression level of soluble tagged protein in
the production organism. We evaluated the Wrst two factors
by measuring saturation curves of three puriWed S. oneidensis
proteins for both Ni–NTA and MagneHis beads. Both beads
appear to have similar capacity for the same proteins, each
binding less than 50% of total protein of interest available in
the media. Lower binding is partially caused by relatively
high contribution of the nonspeciWc binding measured by
binding of bovine serum albumin to the beads and sub-
tracted from the binding of speciWc proteins.

Although the molecular sizes of the proteins were quite
similar (SO4449, 20 kDa; SO0159, 16kDa; and SO1611,
17 kDa) we observed profound diVerences in binding of the
diVerent native proteins to the same beads (Fig. 1). This phe-
nomenon could most likely be explained by diVerences in the
native sizes of the proteins. While the native size of the
SO4449 protein is close to its predicted monomer size
(20 kDa), the other two proteins, SO1611 and SO0159, form
oligomers with native sizes above 100 kDa calculated from
the native gel. DiVerences in binding of those two proteins to
the same beads could likely be attributed to steric hindrances
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around the hexahistidine aYnity tag due to protein folding in
spatially close areas. Interestingly, we observed reversed satu-
ration curves for binding of hexahistidine-tagged baits
SO0159 and SO1611 to MagneHis beads compared to the
Ni–NTA beads. While SO0159 binds to Ni–NTA with
higher eYciency than SO1611 the binding eYciency of the
same proteins to the MagneHis beads is in the reversed
order. This is likely due to an eVect of the beads on the pro-
tein binding eYciency, which indeed translated to the yield of
puriWed proteins. We puriWed SO1611 and SO0159 using the
Wltration process and Ni–NTA with yields of puriWed protein
7�g/OD600 and 16�g/OD600, respectively, but when using
MagneHis beads in the magnetic process we puriWed them
with the yields of 10�g/OD600 and 7�g/OD600, respectively.
Of course protein binding to the beads needs to be com-
pletely reversible to correlate the yield of puriWed protein and
its binding eYciency, which may not always be the case.

EVect of protein size on the yield of puriWed proteins

We observed some individual cases of the eVect of
native size on binding of puriWed proteins to the beads
but is the dependence of the yield of protein puriWcation
on the size of expressed proteins statistically signiWcant?
To explore this issue we selected 14 proteins puriWed to
homogeneity of >90% and determined their Stokes radii
using gel Wltration (Fig. 2). We Wrst observed that the
Stokes radii reXecting the native sizes of the proteins
broadly varied for diVerent proteins of the same molecu-
lar size. For example, the proteins with the small molecu-
lar sizes of 14 and 12 kDa were having the largest radii 52
and 54 Å, respectively. On the other hand multiple pro-
teins with similar Stokes radius of »40 Å were having
broadly diVerent molecular sizes (16, 37, and 47 kDa,
respectively).

No correlation between the yield of puriWed proteins and
their molecular size was observed. This was true even if
larger set of proteins was taken into the considerations
(results not shown). Similarly, no signiWcant correlation
was observed between the protein puriWcation yield and the
Stokes radii (native size of the proteins). Therefore,
although we demonstrated some individual native size
eVects on protein binding to the beads and yield of puriWed
proteins no generic conclusions could be made.
Fig. 1. Saturation curves for Ni–NTA (I) and MagneHis beads (II). Beads, 10 �l of 50% slurry pre-washed with binding buVer, were incubated with puri-
Wed His-tag fused proteins in various volumes, ranging from 20 to 640 �l at a constant protein concentration of 0.25 �g/�l at room temperature for 30 min.
The beads were removed and the amount of protein bound to the beads was determined from the residual protein concentration in the supernatants. Non-
speciWc binding to the beads was evaluated by using bovine serum albumin and subtracted from the binding curves. Native and denatured Coomassie blue
stained gels of the proteins are also shown.
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Optimizing the amount of cell lysate

The Wltration process is not limited in the amount of cell
lysate that can be loaded on the aYnity columns. However,
the plate wells in the magnetic high-throughput process are
volume-limited, requiring optimization of the amount of
the cell lysate per limited volume to obtain the maximum
yield of puriWed protein.

As we showed in Fig. 1, each hexahistidine-tagged pro-
tein binds to the MagneHis beads diVerently depending on
mutual steric relationships of the bead surface and the
native protein size. Other factors aVecting binding could be
protein conformation around the tag and ionic and hydro-
phobic interactions. Therefore, we optimized the average
amount of cell lysate per well with 50�l of the MagneHis
bead suspension using multiple clones of S. oneidensis genes
in our production E. coli BL21(DE3) strain.

Fig. 3 shows that diVerent clones indeed provided diVer-
ent yields of puriWed proteins reaching the maximum yield
at around 200 �g of puriWed protein per well at a lysate load
of 30 OD600. Some of the proteins, SO2769 and SO3967,
yielded less than 50 �g of puriWed product. Interestingly, the
homogeneity of some of those low-yield puriWed proteins
was still quite high (SO2769), while others were signiW-
cantly contaminated by impurities (e.g., SO3967, results not
shown). If the bead capacity for hexahistidine-tagged pro-
teins was the only constraint inXuencing the yields of puri-
Wed proteins, proteins with lower expression levels would

Fig. 2. Yield of puriWed hexahistidine fusion proteins as a function of a
Stokes radius. Inset: calibration curve for the gel Wltration column using
protein standards ribonuclease A (16.4 Å) chymotrypsinogen A (20.9 Å),
ovalbumin (30.5 Å), albumin (35.5 Å), aldolase (48.1 Å), catalase (52.2 Å),
ferritin (61.0 Å), and thyroglobulin (85 Å). Blue dextran (2 MDa) was used
for determination of the void volume of the column Vo. Proteins, 50 �g
each that puriWed with >90% homogeneity were loaded on the column of
Superdex 200 in 100 �l Tris buVered saline, pH 7.5, and were Wltered
through the column of using an ÄKTA high-performance chromato-
graphic system (Amersham Biosciences) at the Xow rate of 0.5 ml/min at
4 °C. Numbers at the points mean molecular sizes of the proteins calcu-
lated from their sequences.
eventually match the yields of the well-expressed proteins if
beads were loaded with suYcient amounts of cell lysates.

The limited yield of puriWed proteins below the satura-
tion limit of the beads must, therefore, be explained by fac-
tors other than the binding capacity of the beads for the
fusion protein. For example, our observations that some of
the expressed proteins are very diYcult to elute under
native or even under strongly denaturing conditions sug-
gest that very strong and/or irreversible binding of some
proteins may inXuence the Wnal yield. Alternatively, com-
peting hexahistidine-like proteins from the expression cell
lysate could bind reversibly to the beads, thus limiting bind-
ing of proteins expressed at low levels in the lysate. In this
case, increasing the amount of lysate would not lead to an
increased amount of puriWed protein. Indeed, some of the
puriWed protein yields in Fig. 3 were Xat regardless the
amount of lysate loaded (SO2444, SO2769, and SO3967).

Sonication mediated cell lysis and Wltration protein 
puriWcation process

Parallel expression of milligram amounts of proteins is
typically performed by growing the production cells in 2 L
Fernbach Xasks on a shaker/incubator. We opted for a
more space eYcient and better cell growth condition-con-
trolling device called a Bactolift in which up to twenty
800 ml cell cultures can be grown in parallel directly in 1 L
centrifuge bottles on a small cart. Forced sterile air Xow at

Fig. 3. Yield of puriWed hexahistidine fusion proteins as a function of cell
density. Inset: homogeneity of SO2769 and SO4449 proteins puriWed from
cell lysates of diVerent densities. Cell pellets corresponding to various cell
densities measured by OD600 were treated with 1 ml lysis reagent and for-
warded for automated puriWcation. Aliquots of 5 �g of puriWed proteins
were applied to SDS-NuPAGE gels. The lanes on the left side of the
puriWed lanes are total lysate of the respective ODs. The His-tag proteins
were visualized with InVision His-tag (Invitrogen) (lower gel view) and
Coomassie blue staining (upper gel view).
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1 L/min is distributed into the bottles to suYciently aerate
the cells. Our production E. coli cells grew equally well in
LB media in both the Fernbach Xasks and on the Bactolift
reaching the stationary phase at an average density of »6
OD600 in overnight culture at 30 °C. We typically harvested
the cells after 3 h of growth in the middle of the logarithmic
phase at an average (average of 47 experiments) of 2.8§ 0.8
OD600 yielding about 5.2§0.8 g of wet cells per 800 ml of
media. After sonication, an average of 105§ 24 mg total
protein was measured in the lysate. Total yield of puriWed
protein was strongly dependent on the clone and the indi-
vidual expressed protein level, ranging anywhere between 0
and 45 mg per culture with an average of 13 mg per culture.
Total yield of puriWed proteins per culture could easily be
doubled by growing the cells to the stationary phase but
this may result in more risk of protein denaturation or
cleavage in vivo. In our study set of 47 S. oneidensis pro-
teins, 31 were puriWed to greater than 90% homogeneity.

Reagent mediated lysis followed by protein puriWcation using 
magnetic beads

We aimed to increase the throughput of protein puriWca-
tion while maintaining the maximum yield of puriWed pro-
teins per clone. As mechanical sonication is not easy to
accomplish in parallel, we needed to replace it with a more
high-throughput, yet eYcient, lysis protocol. We tested two
lysis protocols using Promega lysis reagents. While the con-
centrated FastBreak reagent was added directly to the cell
culture suspension, the lysis reagent in the MagneHis lysis
protocol was diluted and applied to the cell pellet obtained
by centrifugation of the cell suspension. We observed that
spinning cells to produce the cell pellets followed by re-sus-
pension in the diluted MagneHis lysis reagent in the lysis
buVer provided consistently larger yield of puriWed proteins
than adding the concentrated FastBreak lysis reagent to the
cell suspension (results not shown).

Homogeneity of the proteins puriWed by 96-well auto-
mated protein puriWcation was evaluated by SDS–PAGE
followed by consecutive staining using InVision His-tag
stain then Coomassie blue stain (Fig. 4). This allowed
simultaneous evaluation of the purity and the proteolytic
cleavage of the tagged proteins on one gel. About 30% of
proteins were puriWed to >90% homogeneity and about
40% of proteins were puriWed to >80% homogeneity (Fig. 4
and Table 1). We did not purify any protein from 14 clones.
Some of the proteins did not have predicted size. For exam-
ple, SO0342 (Fig. 4, #9) should be 39 kDa but two bands at
Fig. 4. Homogeneity of proteins puriWed on a Biomek FX. PuriWed proteins, 3 �g/lane, were separated using SDS denaturing electrophoresis on NuPAGE gels.

The proteins were stained either with Coomassie brilliant blue (upper panel) or with the hexahistidine speciWc Xuorescent stain, InVision His-tag (Invitrogen).
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15 and 20 kDa were observed instead. Likewise, SO1853
(Fig. 4, #36) should be 40 kDa but two bands at 15 and
30 kDa were found instead. A likely explanation is that the
change occurred due to a protease-mediated cleavage of the
fusion proteins in vivo during protein expression or in vitro
during the protein puriWcation process. Other inconsisten-
cies could be explained by cross-contamination of some
samples with clone expressed/puriWed in a neighbor well
(e.g., #76 and #77 for clones SO4118 and SO4164, respec-
tively, in Fig. 4). Human error is much more likely to occur
in the high-throughput processes than in “traditional”
experiments of the few tubes at the time. Consequently, a
rigorous quality control based on sequence determination
(e.g., mass spectrometry) of the puriWed proteins needs to be
introduced into the high-throughput protein puriWcation
process to conWrm identity of puriWed proteins.

Statistical evaluation of the workXows

Statistical evaluation of our high-throughput protein
puriWcations is summarized in Table 1. It appeared that
growing the expression cells in a smaller, 25 ml, volume
yielded more homogeneous cultures with a lower spread of
cell densities between cultures than those grown in a larger,
800 ml volume on the Bactolift. The total yield of puriWed
protein per clone for the larger-scale and the lower-scale
methods was an average of 12.9 and 0.25 mg, respectively.
Calculating the puriWed protein yields per unit of optical
density shows that both types of puriWcation were quite
comparable, 8.7 and 8.8 �g/OD600 for the larger-scale and
lower-scale methods, respectively, indicating that the yields
of puriWed proteins per unit of cell density were not depen-
dent on the scale of expression or the puriWcation mode
(Wltration through Ni–NTA or using MagneHis).

We also performed a test of reproducibility for our puri-
Wcation workXows. A high expression clone (SO0138) and a
low expression clone (SO2379) were each grown in ten cul-
ture tubes in a 25 ml volume and puriWed using our stan-
dard automated procedure. We obtained an average yield
of 5.68§0.22 and 0.39§0.06 �g/OD600 for the SO0138 and
SO2379, respectively. In the larger scale we tested reproduc-

Table 1
Comparison of the Wltration-based protein expression and puriWcation
workXow with the workXow using magnetic separation

Filtration Magnetic separation

Culture volume (ml) 800 25
Lysate volume (ml) 10 1 ml for 30 OD600

PuriWcation method 1.5 ml Ni–NTA 50 �l MagneHis 
particles

Total number of samples 47 96
Total average OD600 

at harvest
1608 § 850 
(n D 39)

96.4 § 25.5 (n D 96)

Total average protein (mg) 12.9§ 12.5 (nD 46) 0.25 § 0.06 (n D 96)
Yield �g/OD600 at protein Average D 8.7 § 7.8 AverageD 8.8 § 1.9
Purity >90% �g/OD600 (n D 31) (n D 30)
Yield �g/OD600 at protein Average D 8.5 § 7.7 MeanD 8.8§ 1.8
Purity >80% �g/OD600 (nD 34) �g/OD600 (nD 39)
ibility of protein puriWcation on clones SO0256 and
SO4449 grown in triplicate 800 ml cultures. We obtained
average yields of 7.5§0.6 �g/OD600 for each protein. The
homogeneity of the puriWed proteins (>90%) was equiva-
lent for all puriWed samples (results not shown). Our results
indicate that our automated protein puriWcation workXows
produced puriWed proteins with high reproducibility in
both the puriWed protein yield and the homogeneity.

Discussion

High-throughput methods that produce a number of
diVerent proteins in parallel, each with suYcient yield and
homogeneity, are essential for functional proteomic studies.
Several in vitro and in vivo protein expression systems have
been developed [3], but the in vivo E. coli expression system
is by far the most common due to its low cost, scalability,
and speed. The main drawback of this expression system is
often the low solubility of expressed proteins mainly from
species phylogenetically distant from E. coli. Although the
hexahistidine aYnity tag can add to the lower solubility of
in vivo expressed proteins in E. coli [3,14], the increased
yield of puriWed proteins [8], simplicity of the puriWcation
procedure, and its versatility are just a few of the many fea-
tures that make this tag so popular and useful in high-
throughput puriWcation methods.

Recently four diVerent expression vectors with N- or
C-terminal hexahistidine tags were tested for expression of
soluble proteins in E. coli [14]. In a study set of 20 human
proteins the authors found that the hexahistidine tags have
noticeable eVect on protein solubility regardless the tag
placement. This negative solubility eVect could be alleviated
by introducing a second “solubilizing” tag. This strategy of
testing multiple aYnity tags on the same set of requested
proteins was recommended to improve protein solubility
and consequently to increase the yields of puriWed proteins
[15]. Large and highly soluble tags (e.g., maltose binding
protein and glutathione S-transferase) typically perform
the best [3,15]. However, the size limitation for the
expressed protein with a larger tag will have to be negoti-
ated.

An automated, high-throughput process for the produc-
tion of bacterial expression clones with a linear throughput
of 400 targets per production run has recently been devel-
oped at the Argonne National Laboratory [12]. The clones
are produced in a plate-based format using automated
methods and a molecular biology robotic system. Our high-
throughput strategy implements automated methods at the
front end of the process that enable the generation of large
numbers of expression clones in microwell plates. A solubil-
ity screen then provides a plate map that identiWes the loca-
tion of wells containing clones producing soluble proteins.
This process provides an 80% success rate for the identiWca-
tion of clones producing soluble protein and results in a sig-
niWcant decrease in the level of eVort required for the labor
intensive components of validation and preparation of
freezer stocks. Although many of these proteins can be
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produced in a soluble form using novel expression strate-
gies, these novel approaches and the requirements for
production need to be validated and reWned by experimen-
talists. The need for puriWed proteins can only be met by
the development of high-throughput protein production
and puriWcation strategies that parallel current capabilities
for high-throughput cloning and expression.

We used the pMCS7 vector and the N-terminal hexahis-
tidine aYnity tag to express and purify S. oneidensis pro-
teins in E. coli. Although the clones were pre-selected for
production cloning and expression by an estimate of solu-
bility, only about 30% of proteins were puriWed to more
than 90% homogeneity. Others were either not pure enough
or were not expressed in suYcient quantity to get meaning-
ful yields. This is not surprising and agrees with other stud-
ies using the hexahistidine tag in which only 29% of a set of
37 human proteins [16], and 13% of a set of 32 human
proteins [7] were puriWed to homogeneity.

There are only few reports evaluating how the protein
structure can aVect the protein puriWcation yield; for the
most part, these reports address the puriWcation of indi-
vidual proteins. Our targeted experiments showed that the
native size of the fusion proteins, their structure and fold-
ing around the hexahistidine aYnity tag, and the nature of
the beads can signiWcantly aVect protein-bead binding and
the yield of puriWed proteins. However, no statistically
signiWcant dependence of the yield on both molecular and
native protein sizes could be found in a larger set of pro-
teins. This suggests that there are multiple steric and
molecular eVects reXected into the protein puriWcation
yield and more high-throughput studies are needed to
understand how their combination inXuences protein
puriWcation.

PuriWcations of only a few micrograms per well using
automated high-throughput protein puriWcation processes
were recently published [7,8]. We optimized the amount of
the cell lysate per well in our automated microplate process
to achieve maximal average yield up to hundreds of micro-
grams (250 �g) of puriWed protein per well. Both our work-
Xows provided puriWed proteins with high reproducibility
in both yield and purity.

The protein puriWcation process itself signiWcantly con-
tributes to the yield and quality of puriWed proteins. In
this work we described two parallel protein puriWcation
workXows, the larger-scale, lower-throughput Wltration-
based process and the lower-scale, higher-throughput
magnetic separation process. These processes yielded
from 0.1 to 45 mg of puriWed proteins per clone. The auto-
mated Wltration process is not much time- and labor-
saving compared to the same, manually performed
process. On the other hand, the lower-scale 96-well auto-
mated puriWcation process based on magnetic separation
is quite eYcient with minimal error rate. Labor-saving
lysis reagents that avoid using mechanical lysis of the pro-
duction cells and centrifugation of the cell debris greatly
contributed to the eYciency of the magnetic puriWcation
workXow. The recent introduction of the 96-well pre-cast
SDS–polyacrylamide gels and the simple Xuorescent
staining of hexahistidine-tagged proteins by Invitrogen
further increased eYciency of the high-throughput
protein puriWcation process and oVered higher degree of
quality control.

Culturing and handling the production cells is the last
bottleneck of the process. Minimizing the volume of the cell
cultures yet preserving or increasing the total cell mass sig-
niWcantly increases the eYciency of protein expression. This
can be accomplished by using rich media and by growing
cells to the cell densities optimal for maximum yields of the
soluble expressed proteins. Recently, we achieved cell densi-
ties up to 30 OD600/ml using rich media (2£YT) and suY-
ciently aerating the cell cultures. This provided the basis for
expressing enough cells in 1 ml of cell cultures for puriWca-
tion of up to an average of 0.25 mg puriWed protein per
clone for 96 proteins. Both protein expression and puriWca-
tion could then be done in one microplate.

In this work, we described two diVerent platforms for
automated high-throughput protein puriWcation based on
two diVerent heterogeneous phase separation principles,
Wltration, and magnetic separation. We discussed factors
aVecting the yield and homogeneity of puriWed proteins.
Both platforms are easily adaptable to expression systems
other than E. coli or in vitro expression systems, and they
can be further scaled up to meet the protein yield demands
of modern high-throughput functional genomic and
proteomic applications.
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