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Abstract
Filter paper provides an excellent matrix for retention of proteins containing a cellulose binding

domain. To use this capability for manipulating recombinant fusion proteins, binding and elution
parameters were explored and procedures developed for small scale purification, modification and
assay. Proteins were tagged with the cellulose binding domain from the C thermocellum CipB gene via
a cleavable linker. Filter paper disks of 6mm diameter were able to bind up to 80 pg protein although
there was a substantial dependence on molecular size. Different means of introducing fusion proteins
to the disks allow either binding within 20 minutes from microliter volumes or slower binding from
milliliter volumes. Elution with protease in small volumes yielded greater than 10 pg amounts with
concentrations in the 1-2 mg/ml range. To demonstrate their utility, disks were used for small scale
protein purification, covalent modification of protein, immunoprecipitation, and in a binding assay.
These versatile methods allow parallel processing of multiple samples and may find many uses when

only small amounts of protein are needed.

Introduction

Immobilization of proteins on a solid support is central to many biomolecular techniques,
notably immunoprecipitations, affinity purifications and many binding assays. Thus a variety of
methods have been developed to attach proteins to different types of surface, ranging from specific
oriented attachment to the non-specific adhesion of proteins to nitrocellulose or plastic'. Covalent,
permanent linkage can provide a high density affinity matrix for specific binding as in purification of
IgG by protein A-sepharose®, and has the advantage that the attached protein does not elute even under
denaturing conditions. Non-covalent binding to create affinity matrices has advantages in some
circumstances, however; especially in ease of preparation and in allowing removal and analysis of the
bound protein.

Filter paper has been a useful substrate for many reactions and assays (reviewed in Pelton,
2009°), particularly involving precipitation of proteins or nucleic acids. Filter paper is almost purely
cellulose: it is hydrophilic with low background binding, easy to handle, commonly available and
relatively cheap to buy. It has been used for the covalent attachment of peptides and proteins by several
means including cyanogen bromide® and other activating chemicals 7® . A drawback, however, has
been a relatively low coupling efficiency for proteins: on the order of a few micrograms to nanograms
per square centimeter. This is adequate for some techniques, eg immunodetection, but much less so for
others.

The discovery of cellulose binding domains from bacterial cellulosomes provided a useful
affinity tag and led to the use of cellulose preparations for protein purifications’. These domains are a
subset of carbohydrate-binding modules; a diverse set of proteins from many organisms, now divided
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into more than 80 families®*?. Some of these domains are relatively small, stable, bind cellulose with
high affinity and can be expressed in E coli; excellent characteristics for a reagent for linking to filter
paper or other forms of cellulose. Indeed, there are many examples of using CBMs to purify or
immobilize fusion proteins®*". In the present work we have investigated the parameters for binding,
modification and elution of proteins fused with a cellulose binding domain from Clostridium
thermocellum' to a convenient size of filter paper disk in order to develop practical, useful methods for
manipulating microgram amounts of proteins. These methods are likely to be useful in many
situations, but particularly for the parallel study of small libraries of mutants when microgram
quantities are sufficient for characterization.

Materials and Methods

Plasmid constructs

Proteins were expressed from modified pET vectors®®. The backbone came from pET-21d
(Novagen, Madison) modified to contain an N-terminal histag (from pET-14b (Novagen, Madison))
followed by an Ndel site for insertion of one coding sequence, followed by a TEV cleavage site
(DIPTTENLYQSG), then a multiple cloning site for insertion of a second coding sequence.

The pEBC vector was produced by inserting the CBM coding sequence (amino acids 273-477
of cipB gene (Uniprot Q01866)) at the Ndel site. The DNA sequence was optimized for E coli
expression and synthesized by IDT (Coralville, IA). The pEBT7 vector contained the trxA coding
sequence (Uniprot POAA25) at the Ndel site. The pEBCaM vector had calmodulin coding sequence
(Uniprot PODP23) at the Ndel site.

The following cDNA sequences of proteins or peptides were cloned into the pEBC vector to
code for fusion proteins with CBM at the N-terminal: gfp (eGFP, uniprot C5SMKY7); Vh (vinculin head
region, amino acid 1- 850 of human vinculin (Uniprot P18206)); VBS (vinculin binding sequence
(amino acids 492-509 from invasin IpaA sequence (Uniprot P18010) containing an E494C mutation);
Protein A (amino acids 154-269 from S. aureus protein A (Uniprot P02976)); human NQO1 (uniprot
P15559); human NQO?2 (uniprot P16083). NQO1 and NQO2 sequences were a gift from Dr. Brian
Shilton*?!,

The calmodulin-GFP fusion was made by inserting the eGFP sequence into the pEBCaM vector
multiple cloning site. The thioredoxin-Vh-GFP sequence was made by inserting the Vh sequence
followed by the eGFP sequence into pEBT7. To make CBM with a calmodulin binding peptide, a
designed calmodulin-binding peptide (sequence: ARWRNTIIAVTAANRFGN) was placed N-terminal
to the CBM in pEBC and no TEV site was present.

Protein purification

Several fusion proteins were purified by chromatography on Ni-NTA columns as
follows: BL21 cells containing the appropriate plasmids were grown overnight at 37° in 200 ml of M9
medium containing 0.4% glucose, 0.2% casamino acids and 100 pg/ml ampicillin. The culture was
diluted with 1.8 1 of LB medium and shaken 2 h at 37°. The temperature was then lowered to 22.5°,
IPTG added to 0.2 mM and incubation continued for 5 h. Cells were harvested by centrifugation,
resuspended in 20 ml 10 mM Tris pH 7.5, 1 mM EDTA and frozen at -80° until needed. Cells were
thawed, lysed by passage through an emulsiflex homogenizer (Avestin, Ottawa, Canada) at 15000 psi,
NaCl was added to 0.3M, imidazole to 10 mM and the lysate centrifuged 1 h at 100,000 x g. The
supernatant was applied to a column (~6 ml) of Ni-NTA resin in an equilibration buffer of 10 mM Tris
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pH 7.5, 10 mM imidazole, 0.3 M NaCl, 0.03% (v/v) mercaptoethanol. After washing with equilibration
buffer, protein was eluted with equilibration buffer containing 0.25 M imidazole.

Some proteins were subject to further purification. CaM-CBM and CaM_GFP were
further purified by binding to a phenyl sepharose column, washing with 10 mM Tris pH 7.5, 0.5 mM
CaCl,, 100 mM NaCl, then eluting with 10 mM Tris pH 7.5, 1 mM EDTA, 100 mM NaCl (TEN100
buffer).

TEV was expressed as the self-cleaving MBP fusion® and purified on a Ni-NTA column
as above.

Use of filter paper disks

Disks were cut from Whatman #1 filter paper sheets using a 6 mm one hole punch and
manipulated with flat tip tweezers. For protein binding, two protocols were used: 1) for long term
immersion, disks were placed in a protein solution (in TEN100 buffer) in microcentrifuge tubes (1 ml
volume) or 6 well tissue culture plates (2 ml volume) with rotation overnight at 4°C; 2) for short term
binding, disks were placed on parafilm and protein solution directly pipetted on to them at room
temperature. To prevent drying, wet disks were overlaid with parafilm and a thin glass sheet.

Following the protein binding step, disks were washed by placing individually on a sintered
glass filter support base (2 cm diameter) with suction and 200 pl of buffer sucked through the disk.

To elute all the protein bound to a disk, it was immersed in 100 pl of 10 mM Tris pH 7.5, 1 mM
EDTA, 1% SDS in a microcentrifuge tube and placed in a boiling water bath for 3 min.

To elute only the fusion partner of the CBM, disks were placed inside a small (0.2 ml) tube that
had a small hole at the bottom (punctured with a hot needle). This tube was then placed inside a larger
(0.5 ml) microcentrifuge tube and 7 pl of a solution of 100 pg/ml TEV in 10 mM Tris pH 7.5, 1 mM
EDTA, 5 mM DTT pipetted on to the disk. Up to four disks could be done in one tube using 7 pl
solution per disk. After a suitable length of time (usually 1 h at room temperature) the tubes were
centrifuged for 3 sec. A further 7 pl of TEN-100 buffer per disk was pipetted directly on to the disk(s)
followed by a second brief centrifugation.

Small scale protein expression and isolation

A colony of BL21 pLysS transformed with fusion protein plasmid was picked and grown
overnight at 37° in 2.5 ml terrific broth containing 100 pg/ml ampicillin, 34 pg/ml chloramphenicol
and 0.2 mM IPTG. A 1.5 ml aliquot of this culture was centrifuged, resuspended in 0.75 ml of 10 mM
Tris pH 7.5, 1 mM EDTA, subjected to two cycles of freeze/thaw, sonicated briefly (5 s) to decrease
viscosity, and centrifuged 15 min at 20,000 x g in a microfuge. The supernatant was incubated with
disks rotating overnight at 4° for protein binding.

Enzyme activity assay

Enzyme was added to 1 ml 0.1 M Tris HCI, pH 7.5, 50 pM menadione, containing either 160
UM NADH or 140 pM BNAH. Absorbance at 340 nm (NADH) or 355 nm (BNAH) was recorded over
several minutes. Enzyme amounts were adjusted to give a linear output over 2 minutes. The slope of
the line was converted to concentration change/sec using extinction coefficients of 6.22 mM™cm™ for
NADH and 7.24 mM'cm™ for BNAH.

Immunoprecipitation

For disk-based immunoprecipitation, IgG (preimmune or anti-thioredoxin, Sigma T-0803) was
mixed with SPA-CBM to concentrations of 4.5 mg/ml and 1.5 mg/ml respectively, and 4.5 ul was
spotted directly on a filter paper disk. After 20 minutes under a parafilm cover the disks were washed,

Page 4


https://doi.org/10.1101/2022.03.23.485486
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.23.485486; this version posted March 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

then rotated with 0.5 ml of E coli cell extract containing thioredoxin-Vh-GFP protein overnight at 4°.
Disks were washed with 200 ul TEN100 buffer, then eluted with TEV treatment.

Fluorescent labelling

Three disks were treated with the partially purified VBS-CBM 150 pg/ml in 2 ml TEN100
buffer containing 0.1 mM TCEP overnight at 4°. After washing with suction, 4.5 ul of a 1 mg/ml
solution of fluorescein maleimide in buffer was pipetted onto the disk. After 1 hour incubation at room
temperature in the dark under parafilm, the disks were washed with 200 pl buffer, then eluted as above
either with SDS buffer or TEV.

Calmodulin binding assay

CBP-CBM was bound to disks by spotting 4.5 ul of buffer containing 0.2 pg protein directly on
each disk, incubating under parafilm for 20 min, then washing with 200 pl of binding buffer (10 mM
Tris-HCI pH 7.5, 100 mM NaCl, 100 pg/ml casein, 0.5 mM CaCl,). Triplicate disks were incubated in
2 ml binding buffer with various concentrations of calmodulin-GFP overnight at 4°. Disks were then
washed, placed on parafilm, overlaid with another layer of parafilm and a glass plate, and photographed
with a BioRad ChemiDoc MP system using settings for GFP. For quantitation, spot densitometry with
ImageLab software was performed on the image.

Other methods

Total protein was measured by a modified Lowry procedure after TCA precipitation®. SDS
PAGE used the buffer system of Laemmli**. Fluorescent images were taken with a BioRad ChemiDoc
MP system using settings for GFP.

Results

Filter paper is a convenient, easily manipulated source of cellulose for CBM domain binding.
Out of several shapes and sizes tested, the most useful for fitting into tubes and that was easily obtained
was a 6 mm diameter circle punched out of a Whatman No. 1 filter paper sheet. These disks weighed
2.85 + 0.1 mg each, and could absorb 4 pl of water. Following wetting and brief drying under suction
2.8 pl of liquid was retained whereas after a further short centrifugation (3 sec) 1.9 pl remained. Disks
were readily grasped with thin, flat-tipped tweezers (Dumont type 2a was particularly appropriate) and
could be bent to fit into 0.2 ml tubes for centrifugation.

In order to develop procedures to use the disks for protein immobilization, a number of fusion
proteins were produced and partially purified. The C thermocellum CBM is known to have a stable
folded structure and bind cellulose with a Kd of ~0.1 pM®*8, It proved to be a robust fusion partner for
all proteins/domains that were tested. Figure 1 shows an SDS PAGE of the various partially purified
proteins. Some contaminating bands remained, notably in the VBS (lane 4) and higher molecular
weight Vh (lane 7) fusions. With the exception of the VBS, good yields of recombinant protein were
obtained, ranging from 15 to 60 milligrams/liter of culture. The VBS fusion eluted from a nickel
column was highly contaminated with a 70 kDa protein (Fig. 1, lane 4), possibly a chaperone,
nevertheless the CBM was still active and able to bind cellulose.
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Figure 1. 12% SDS PAGE of protein preparations used. Two micrograms of each were loaded and the gel was
stained with Coomassie blue. Proteins are: lane 1: GFP-CBM (expected Mr 49.2 kDa), lane 2 CBP-CBM (22.7 kDa),
lane 3: Vh-CBM (115 kDa), lane 4 E3C-CBM (24.8 kDa), lane 5 CaM-GFP (48 kDa), lane 6 Protein A-CBM (35
kDa), lane 7 Trx-GFP-Vh 136 kDa). Different degrees of purification obtained with different proteins.

Binding of fusion proteins to disks

Removal of unbound proteins is important for many uses. To determine the effectiveness of
washing for clearing of unbound protein from disks, 4 pl of a concentrated solution of BSA was
pipetted directly onto disks, followed by washing with buffer. A 200 pl buffer wash under vacuum with
left 2.7 + 0.3% of the BSA on the disk, two successive washes of 200 pl each left 1.46+0.02%, and two
washes separated by a 10 minute incubation in buffer left 0.41+0.02%. Thus a single wash removes
97% of unbound protein: this was sufficient for most purposes.

A high specific binding capacity would make the disks more useful. Binding of CBM fusion
proteins to the disks was first examined by incubating disks in 2 ml of protein solution in a 6 well plate
at 4°C. Different sizes of protein were used to look for effects of molecular weight. This protocol
resulted in extensive binding to the disks (Fig. 2) with 82 pg of CBP-CBM protein/disk after 48 hours.
Two phases of uptake were apparent: a faster initial phase over 5 hours followed by a slower binding
that continued for at least 48 h. The capacity of the disks varied with the size of the fusion partner,
with much greater binding by the CBP-CBM fusion (23 kDa) than GFP-CBM (49 kDa) and the Vh-
CBM (115 kDa) although a significant amount was bound in all cases (30 - 80 pg) with very little non-
specific binding. The dependence on size could be due to diffusion limitations or steric hindrance of
closely spaced binding sites on cellulose.

Page 6


https://doi.org/10.1101/2022.03.23.485486
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.23.485486; this version posted March 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

100

40 -

Bound protein (ug)

20 —

0 } t &
0 10 20 30 40 50

Time (h)

Figure 2. Protein binding to disks from solution. Disks were incubated in a 1.5 mg/ml solution of CBP-CBM (e),
GFP-CBM (m), Vh-CBM (¢) or BSA (A). Total protein bound to disks was determined after washing and elution in
SDS solution. Triplicates +SEM.

Binding was much faster using a direct pipetting protocol, wherein 4.5 pl of a protein solution
was added to each dry disk, then covered with parafilm to prevent evaporation. Under these
conditions, with a more concentrated protein solution, binding reached near maximal in five minutes
(Fig. 3, left panel). While the kinetics of binding were similar for different protein concentrations, the
final amount bound increased at higher input concentration. At 34 mg/ml GFP-CBM maximal capacity
was ~42 ug, corresponding to a 0.2 mM concentration within the disk, similar to the amount of binding
observed after 24 hours incubation with 0.75 mg/ml protein in 2 ml of solution (Fig. 2). The direct
spotting protocol provided a faster, convenient way to get proteins bound. Desorption from the disk
after binding and washing was fairly slow: in three experiments with GFP-CBM the desorption after
24 hours soaking in buffer averaged 4% of the initial amount bound.

Using the direct spotting method, the amount of protein bound was investigated as a function of
the amount initially added to the disk (Fig. 3, right panel). The amount bound increased with loading
in a nearly linear fashion at lower amounts but followed a saturation curve visible at higher levels.
Again, the effect of protein size in limiting binding was evident. In terms of molar amounts, 10 times
as much CBP-CBM was bound per disk (2.5 nmol) as Vh-CBM (0.22 nmol) at the highest
concentrations used. If a highly concentrated solution of protein is available, then this method is much
quicker, but loading from more dilute solution requires the longer incubation in larger volume.
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Figure 3. Binding to disks after direct application. Left panel: Different concentrations of GFP-CBM were spotted on
triplicate disks for various times and bound protein determined after washing. Concentrations were 2.7 mg/ml (e), 7.2
mg/ml (m), and 34 mg/ml (). Progress curves were fitted to the data using the dynafit program®. Right panel:
Triplicate disks were treated with various amounts of protein in 4.5 pl of solution for 20 min and bound protein
subsequently measured. Fusion proteins were: CBP-CBM (o), GFP-CBM () and Vh-CBM (#). Data are shown as
average + SEM fitted to an equilibrium binding model.

To specifically remove the fusion partner of the CBM, TEV was used to cleave in the linker
region of the different fusion proteins. TEV was active in the disk (Fig. 4) and a 0.1 mg/ml
concentration cut most of the fusion protein within 30 minutes although digestion continued for over 2
hours. Seven microliters of TEV solution per disk was used to allow for some evaporation over this
time period. Based on these results, a one hour treatment time at room temperature was adopted as
standard. Under these conditions 15+1.3 pg of GFP in 14 pl was recovered per disk; a yield of about
65% of theoretical.
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Figure 4. Time course of TEV digest of GFP-CBM bound to disk. Disks containing bound GFP-CBM were washed,
placed in a 0.2 ml tube, centrifuged briefly and treated with 7 pl of 0.125 mg/ml TEV for various times indicated
(minutes). The disk was then boiled in an SDS solution and one tenth of the solution loaded. Right lane shows TEV
only.

Applications of disk binding method

With some of the basic parameters evaluated, several applications became feasible. One
possible use of the disk procedure is simply to isolate microgram quantities of a protein directly from a
cell lysate. As a test of this method, human NQO1 (NAD(P)H:quinone oxidoreductase 1) and NQO2
enzymes were used. These enzymes are dimeric flavoproteins that nonetheless fold properly in E coli
but differ from each other in their substrate specificity for NADH?*. The cDNA sequences were placed
in pEBC plasmid to make the CBM fusion, then expressed in BL.21 pLysS E coli cells in small
overnight cultures. The pLysS plasmid allowed a simple means to break the cells by freeze-thaw".
After lysis, supernatants from the centrifuged lysates were placed in a 6-well tissue culture plate, 4
disks added to each well and rotated overnight at 4°C. As shown in Figure 5, the disks acted as an
excellent matrix for obtaining the enzymes in highly purified form (lanes 4, 6) from the cell extracts
(odd lanes). Non-specific background (lane 2) was minimal. Total yields of the enzymes were 46 and
70 pg; whereas the activity measurements required 50 - 250 ng/assay. Reduction of menadione, a
quinone stubstrate for the enzymes, measured with NADH as co-substrate gave values of 78+3 s™ and
1.440.3 s for NQO1 and NQO2, respectively, demonstrating the much higher efficacy of NQO1, as
expected with NADH. The blank eluate showed no activity with either NADH or BNAH. On the other
hand both enzymes had relatively high activities when the artificial co-substrate BNAH was used
(348+34 s and 101+6 s™). The difference between the two enzymes use of NADH is a puzzling
characteristic®’ (reviewed in Vella et al*®) and suggests NQO2 may function as a signalling protein
rather than in detoxifying®.

& :
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Figure 5. SDS PAGE showing purification of NQO2 enzymes using disks. Each pair of lanes shows cell extract
followed by eluted protein. Lanes 1, 2; CBP-CBM (control), lanes 3, 4; NQO1-CBM, lanes 5, 6; NQO2-CBM.
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Immobilizing proteins to a solid support can also provide a reaction chamber for covalent
modification that allows easy removal of reagents. To test the disks for this purpose, a protein with a
single exposed cysteine was made. A short peptide sequence (VBS) encoding 15 amino acids with a
single cysteine residue was cloned into the pEBC vector and protein expressed. The CBM itself
contains a single cysteine residue but it appears buried in the 3D structure® and indeed did not react.
After binding the fusion protein to disks, they were washed with TEN-100 buffer containing 0.1 mM
TCEP to ensure reduction of cysteine. A solution of fluorescein maleimide was pipetted onto the disks
and allowed to react for 1 h at room temperature before washing. Figure 6, lanes 1 show the fusion
protein on the disk immediately after reaction (left panel; Coomassie stained, right panel;
fluorescence). The right panel is a picture taken with fluorescent optics prior to staining the gel and
shows that the fusion protein band has attached fluorescein. After TEV treatment (lanes 2) the free
peptide and CBM appear. The CBM itself is non-fluorescent. The eluate from the disk (lanes 4) shows
the now fluorescent peptide with some residual TEV visible on the stained gel (left panel). The CBM
remains with the disk. Labelled proteins made in this manner could be used in a number of fluorescent
assays.

06- g = - —
43-
28 8 Sl TEV
- - -VBS-CBM
- -CBM
16- ™
VBS
1.2 3 4

Figure 6. SDS PAGE showing cysteine modification of VBS peptide. VBS-CBM fusion protein was bound to disks
overnight before washing and reaction with fluorescein-maleimide. Right panel shows a picture of the SDS gel taken
with fluorescent optics before staining, and the left panel shows the gel after staining with Coomassie Blue. Lane 1:
protein on disk after reaction, lane 2: protein on disk after TEV treatment, lane 3: protein eluted from disk, lane 4:
TEV solution.

Procedures for immunoprecipitation generally involve using antibodies coupled or bound to a
solid support. Indeed a CBM- Staphylococcal protein A (SPA-CBM) fusion has been previously used
in an immunoassay***" and to purify IgG on cellulose substrates. To determine whether the filter paper
disks could serve as an appropriate tool in immunoprecipitations, we constructed a similar SPA-CBM
fusion. The fusion contained two IgG-binding repeats and was expressed and purified in high yields
(see Fig 1, lane 6). The kinetics of binding soluble IgG to SPA-CBM disks was quite slow; instead
mixing soluble SPA-CBM with IgG to create a complex before spotting on to dry disks gave more
antibody incorporation into the disks. To demonstrate the use of the disks, anti-thioredoxin or
nonimmune IgG with SPA-CBM was bound to disks and used to precipitate a thioredoxin-Vh-GFP
fusion protein from a bacterial cell extract (Fig. 7). The loaded disks were incubated with a diluted cell
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extract overnight at 4° before washing and elution with TEV treatment. Lane 1 shows the elution from
disks incubated without cell extract. The IgG heavy chain band is evident, whereas the light chains
were visible as a diffuse band below the 26 kDa marker. When non-immune IgG was used with cell
extract, the same bands are evident (lane 2) along with a few faint background bands. When the anti-
thioredoxin IgG

wwe we -GFPVh

66-
-IgG H chain
43- Y - !'_ g

Figure 7. SDS PAGE showing immunoprecipitation using SPA-CBM fusion protein. SPA-CBM with IgG was spotted
on a filter paper disk before incubation with a cell extract containing Trx-GFP-Vh fusion protein. Disks were treated
with TEV and an aliquot of the eluate run on a 12% gel. Lane 1: anti-Trx IgG without cell extract, lane 2: non-
immune IgG with cell extract, lane 3: anti-Trx IgG with cell extract, lane 4: purified GFP-Vh.

disk was incubated in the cell extract and eluted, a clear band of GFP-Vh is evident (lane 3). (The
thioredoxin fusion protein has a TEV cleavage site, as does the SPA fusion, thus GFP-Vh is eluted
along with the IgG.) Thus the disks with the SPA fusion protein have potential as an immunosorbent.

Immobilized proteins can provide a good substrate for binding assays, as notably in
immunoassays with proteins bound to wells in plates®. The relatively quick washing procedure and the
ability to read fluorescent signals directly off filter paper® suggested that the protein bound disks might
also be useful in binding assays. As a test binding assay the calmodulin - calmodulin-binding peptide
(CBP) system was used. A fusion of a CBP to the CBM was bound to the disks, which were then
incubated with various concentrations of a calmodulin-GFP fusion protein. After washing,
fluorescence was quantitated on the disks. Figure 8 shows that a good fit to a hyperbolic binding curve
was obtained. Curve fitting gave Kd of 4 nM for this interaction which is in the expected range,
however, this must be regarded as an approximation given the possible problems of diffusion
limitation, desorption of fusion protein, and the non-ideal distribution of binding sites (ie. in the disks
rather than free in solution). Nonetheless this type of assay could certainly be used for comparative
purposes or as a first step in screening for binding properties.
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Figure 8. CaM-GFP binding to CBP-CBM on disks. Triplicate disks loaded with 0.2 pg each CBP-CBM were
incubated with CaM-GFP in buffer containing 0.5 mM CaCl, (e) or 1 mM EDTA (m) overnight at 4° C. Disks were
washed, placed between layers of parafilm, imaged, and the intensity quantitated using Imagelab software. Points
were fitted to a binding isotherm using Dynafit. Bars represent SEM.

Discussion

Several cellulose-binding CBM domains have been used to tag many proteins for purification or
immobilization (reviewed in Tomme et al®), proving to be well expressed and stable in E coli and yeast.
The domain from C thermocellum cellulase is among the best characterized®, has relatively high
affinity for cellulose, and can bind in high concentrations of urea*. It has been used to purify several
fusion partners®>**” and for immunoassays *. Various cellulosic substrates have been used with CBMs
for binding or purification, including crystalline, amorphous, and fibers, but generally requiring
columns or centrifugation to separate bound from unbound protein. To exploit these properties for
easily manipulating small quantities of recombinant protein, new methods and a more convenient and
ubiquitous substrate were required.

In developing these techniques, parameters for the binding and elution of fusion proteins to a
convenient size of filter paper disk were explored and some possible specific uses tested. The size
dependence of capacity (ranging from 0.26 nmol/disk for a 115 kDa protein to 3.5 nmol/disk for a 23
kDa protein) and long uptake times suggest slow diffusion to some sites within the disk. Likely
internal sites within the disk are less accessible. The disks appear to have properties intermediate
between crystalline and amorphous cellulose with regard to protein binding. The capacity of the disks
appears greater than that of crystalline cellulose (~8 pg/mg cellulose), but less than of amorphous
cellulose (~365 pg/mg'®). The disks are considerably easier to work with, however'”. When high
concentrations of CBM fusion protein are available, the direct spotting technique allows for the fast
loading of protein onto the disk. With lower concentrations, incubation for longer periods is needed for
maximal binding.
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When small amounts (<50 pg) of protein are needed, these disks have many advantages.
Among them are the ease of use, ready availability, and economy of the cellulose substrate. Notably
yields were sufficient for multiple enzyme assays of NQO1 and NQO2. Also notable are the speed of
washing, elution in a small volume, oriented attachment of the fusion proteins, and the ability to elute
bound proteins with SDS under denaturing conditions to check amount on disks or degradation. The
ability to measure fluorescence directly from the disks opens up more possible uses for various types of
binding assay. Because only small cultures are needed to produce enough fusion protein, multiple
cultures can be processed in parallel, likely up to 50 or 100 at a time.

There are, however, a number of limitations that need to be considered. First, the protein must
express and fold properly. Many eucaryotic proteins do not express well in E coli, but it is worth
noting that the C thermocellum CBM has been expressed and used in yeast '*'” and thus could also be
applied to the paper disk technology described here. Second, the capacity for binding decreases with
increasing size of the protein, thus protein complexes or larger proteins may not bind in usable
amounts. However, the immunoprecipitation experiment shown in Figure 7 at least demonstrates that
detectable amounts of large complexes (comprising SPA-CBM, IgG and a 136 kDa protein) will bind to
the disks. Third, elution with TEV will leave the purified protein contaminated with a small amount of
the protease, which could be problematic depending on the intended use. It would be possible to
remove the protease using nickel beads, but more manipulation would be required. Finally, some
desorption is likely to occur over longer time periods, if these are required.

The different applications exemplified here show that use of filter paper disks is a versatile
technique that may be generally useful. When multiple mutants must be characterized (as in alanine
scanning or cysteine scanning approaches, for examples) the parallel processing afforded by growing
many small cultures and obtaining purified proteins simultaneously via this filter paper disk method
will be very convenient. Likewise for deletion series, or random mutants at a single amino acid
position in protein engineering applications. We are currently using the methods to examine multiple
ancestral forms of the enzyme NQO2. No doubt many applications will be developed for specific tasks
in the future.
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