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ABSTRACT: We report a metal free synthetic hydrogel copolymer with affinity and
selectivity for His6-tagged peptides and proteins. Small libraries of copolymers
incorporating charged and hydrophobic functional groups were screened by an iterative
process for His6 peptide affinity. The monomer selection was guided by interactions

found in the crystal structure of an anti-His tag antibody-His6 peptide antigen complex. . 56109 o
Synthetic copolymers incorporating a phenylalanine-derived monomer were found to w e TRSY
exhibit strong affinity for both His6-containing peptides and proteins. The proximity of :“» 3 ;
both aromatic and negatively charged functional groups were important factors for the . %~ .

His6 affinity of hydrogel copolymers. His6 affinity was not compromised by the
presence of enzyme cleavage sequences. The His6—copolymer interactions are pH
sensitive: the copolymer selectively captured His6 peptides at pH 7.8 while the .
interactions were substantially weakened at pH 8.6. This provided mild conditions for -
releasing His6-tagged proteins from the copolymer. Finally, a synthetic copolymer ’
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coated chromatographic medium was prepared and applied to the purification of a His6-tagged protein from an E. coli expression
system. The results establish that a synthetic copolymer-based affinity medium can function as an effective alternative to immobilized

metal ion columns for the purification of His6-tagged proteins.

B INTRODUCTION

Recombinant proteins occupy an essential role in modern
biological science and biotechnology. They have revolutionized
areas of research ranging from enzyme engineering for
technical applications' to new therapies for human diseases.”™"
To meet these expanding needs, recombinant proteins are now
produced using a number of expression systems.”® Regardless
of the expression system, the production and purification of
recombinant proteins are intimately linked. Indeed, the
isolation and purification protocols are as important as the
expression step itself.” Fusing an affinity tag at the N- or C-
terminus of the recombinant protein is one of the techniques
that have been widely used to streamline purification,” "
improve protein yields,'”" prevent proteolysis,'* facilitate
protein refolding,® reduce/increase antigenicity,'® and/or
increase solubility.'’~>' However, the physical properties and
stability of the product proteins often restricts the conditions
for separation and purification. The absence of a “one-size-fits-
all” solution continues to drive the development of new
separation and purification options.””"**7*

The polyhistidine-tag appended to the N- or C-terminus of a
protein is one of the most common affinity tags in use. The
presence of multiple imidazole groups, often six histidine
residues (His6), allows for coordination to transition metal
ions (e.g, Ni*', Co*, Cu®, Zn*") immobilized with a
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tetradentate ligand, nitrilotriacetic acid (NTA), attached to a
solid support. This system, immobilized metal ion affinity
chromatography (IMAC),”® has proven to be extremely
serviceable for affinity purification. The value of His-tags is
derived in part from their small size; the presence of the tag
exerts little disruptive effect on protein expression and
folding.”” The His-tag is broadly compatible with many
proteins and is often proceeded by an enzymatically cleavable
group for removal.”® However, IMAC is not without some
drawbacks. Histidine-rich proteins can coordinate with the
immobilized metals on the column and coelute with the
protein of interest.”*’ Problems can also arise when purifying
metalloproteins on IMAC columns due to the potential risk for
metal removal or exchange with the metal on the column.*
His-tagged proteins are frequently released from the solid
support by treatment with high concentrations of imidazole
which often necessitates an additional cleanup step.
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Other studies have incorporated the basic concepts of IMAC
into synthetic polymers by utilizing NTA as a comonomer.>"**
However, these designs do not move away from the
aforementioned issues associated with IMAC. There are
commercially available anti-His tag antibodies but antibody-
immobilized columns are more costly than IMAC columns.

Along those lines, our goal was to develop a metal-free,
effective His-tag affinity material that could be used in place of
IMAC. The work builds upon our synthetic antibody program
that develops low information content statistical copolymers
engineered with high affinity and selectivity for peptides and
proteins.””** Here we describe an N-isopropylacrylamide
(NIPAm)-based, metal-free synthetic copolymer with affinity
and selectively for His6-tagged peptides and proteins. We
achieved this goal by incorporating both carboxylic acid and
hydrophobic groups in the hydrogel copolymer. The highest
His6-tag affinity copolymer incorporates an amino acid derived
comonomer, N-acryloyl phenylalanine (AcPhe). The perform-
ance of the hydrogel copolymer as a chromatographic medium
is demonstrated by coating a support material with the
copolymer and comparing performance with an IMAC column
for the purification of a His6-tagged protein from E. coli cell
lysates at pH 7.8.

B MATERIALS AND METHODS

Materials. All chemicals were obtained from commercial sources:
propargylamine, N-isopropylacrylamide (NIPAm), N-phenylacryla-
mide (PAm), ammonium persulfate, sepharose CL-4B, epichlorohy-
drin, tris(hydroxymethyl)aminomethane (Tris), and glycine were
from Sigma-Aldrich, Inc. (St. Louis, MO); f-mercaptoethanol (fME)
and dimethyl sulfoxide (DMSO) were from Sigma, Ltd.; L-alanine, L-
leucine, acrylic acid (AAc), and sodium dodecyl sulfate (SDS) were
from Aldrich Chemical Co.; N,N’-methylenebis(acrylamide) (BIS)
was from Fluka; N-tert-butylacrylamide (TBAm), sodium L-ascorbate,
and ethylenediaminetetraacetic acid (EDTA) were from Acros
Organics (Geel, Belgium); acryloyl chloride (96%, stabilized with
400 ppm phenothiazine) was from Alfa Aesar (Haverhill, MA); -
phenylalanine was from MP Biomedicals (Santa Ana, CA); sodium
azide and sodium hydroxide (NaOH) were from Fisher Scientific;
cupper (II) sulfate (CuSO,) was from Mallinckrodt; and glycerol was
from Merck KGaA (Darmstadt, Germany).

All peptides were synthesized by solid-phase peptide synthesis.
Enhanced green fluorescence protein with hexahistidine tag (EGFP-
His6) and insulin-like growth factor 1 receptor kinase domain with
hexahistidine tag (His6-IGFIRKD) were recombinantly expressed in
E. coli. After cell lysis, the proteins were purified by using immobilized
ion affinity chromatography. The purified proteins were stored in 20
mM Tris-HCI Buffer (pH 8.0) containing 150 mM NaCl and 15%
Glycerol at 4 °C until use. Protein Assay Kit, Precast SDS-PAGE gels
(12% Mini-PROTEAN TGX) and a molecular weight marker
solution (Precision plus protein standards) were purchased from
Bio-Rad Laboratories, Inc. (Hercules, CA). NIPAm was recrystallized
from hexane before use. Other chemicals were used as-received.
Water used in polymerization and characterization was purified using
a Barnstead Nanopure Diamond system.

Synthesis of N-Acryloyl L.-Phenylalanine (AcPhe). N-Acryloyl
L-phenylalanine was synthesized following a previously reported
procedure.®® 1-Phenylalanine (3.63 g, 0.020 mol) was dissolved in 20
mL of 2 M sodium hydroxide aqueous solution. To a well-stirred
aqueous solution of L-phenylalanine and sodium hydroxide, acryloyl
chloride (1.75 mL, 0.022 mol) was added dropwise while the reaction
mixture was kept below 0 °C by external ice-bath cooling. After the
addition, stirring was continued for an additional 2 h at room
temperature. The mixture was acidified to pH 2 with hydrochloric
acid solution. A white product was separated by suction filtration and
purified by recrystallization from water. Yield: 45.7% (2.74 g); 'H
NMR (500 MHz, CD;0D) § 7.27~7.16 (m, § H, C¢Hy), 6.27~6.13
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(dd, J = 17.5 Hz, 10.5 Hz, 1 H, CH=CH,), 6.21~6.13 (d, ] = 17.5
Hz, 1 H, CH=CH, ,..), 5.62 (d, ] = 10.5 Hz, 1 H, CH=CH, ),
4.75~4.71 (m, CHCH,), 325~320 (m, 1 H, CH,CH), 3.01~2.96
(m, 1 H, CH,CH). *C NMR (125 MHz, CD,0D) § 173.18, 166.49,
137.02, 130.18, 128.83, 128.04, 126.41, 125.85, 53.78, 37.02; HRMS
(ESI-TOF): m /z caled for C,H;3NNaO; [M + Na]* 242.0788;
found 242.0790.

Synthesis of N-Acryloyl L-Leucine (AcLeu). L-Leucine (2.62 g,
0.020 mol) was dissolved in 20 mL of 2 M sodium hydroxide aqueous
solution. To a well-stirred aqueous solution of L-leucine and sodium
hydroxide, acryloyl chloride (1.75 mL, 0.022 mol) was added
dropwise while the reaction mixture was kept below 0 °C by external
ice-bath cooling. After the addition, stirring was continued for
additional 2 h. The mixture was washed with ether. The mixture was
acidified to pH 2 with hydrochloric acid solution. The white semisolid
was collected by filtration. After the obtained semisolid was dissolved
with preheated water and passed through a filter membrane. The
filtrate was cooled down to yield a white product. Yield: 52.4% (1.94
g); 'H NMR (500 MHz, CD,CL,): 6 6.85 (d, ] = 8.0 Hz, 1 H, NH),
6.28 (d, ] = 16.5 Hz, 1 H, CH=CH, ), 6.19 (dd, ] = 17.0 Hz, 10.5
Hz, 1 H, CH=CH,), 5.67 (d, ] = 10.0 Hz, 1 H, CH=CH, ), 4.62
(m, 1 H, CH,CHNH), 1.71 (m, 2 H, CH;CH,CH), 1.64~1.61 (m, 1
H, (CH,),CHCH,), 094 (m, 6 H, (CH;),CH); *C NMR (125
MHz, CD;CLy): & 176.19, 166.02, 129.97, 127.99, 51.03, 41.22, 24.95,
22.84, 21.94. MS (ESI-TOF): m /z calcd for CoH;(NO; [M + H]*
186.2282, found 186.25; calecd for CoH\NNaO; [M + Nal*
208.2101, found 208.25.

Synthesis of N-Acryloyl L-Alanine (AcAla). L-Alanine (1.78 g,
0.020 mol) was dissolved in 20 mL of 2 M sodium hydroxide aqueous
solution. To a well-stirred aqueous solution of L-alanine and sodium
hydroxide, acryloyl chloride (1.75 mL, 0.022 mol) was added
dropwise while the reaction mixture was kept below 0 °C by external
ice-bath cooling. After the addition, stirring was continued for
additional 2 h at room temperature. The mixture was acidified to pH
2 with hydrochloric acid solution. A white product was gradually
formed and separated by filtration. Yield: 41.9% (1.20 g); 'H NMR
(500 MHz, DMSO-dg): 6 8.43 (d, ] = 7.0 Hz, 1 H,NH), 6.32 (dd, ] =
16.5 Hz, 10.5 Hz, 1 H, CH=CH,), 6.13 (d, ] = 16.5 Hz, 1 H, CH=
CH, yans), 564 (d, J = 10.5 Hz, 1 H, CH=CH, ), 431 (t, ] = 7.5
Hz, 1 H, CH,CH), 1.33 (d, ] = 7.5 Hz, 1 H, CH,CH); *C NMR
(125 MHz, DMSO-dy): & 174.57, 164.72, 131.80, 126.14, 47.98,
17.71; MS (ESI-TOF): m /z caled for C¢H,(NO; [M + H]*
144.1485, found 144.3; caled for C¢H,NNaO; [M + Nal*
166.1304, found 166.2.

Synthesis of N-Propargyl Acrylamide. N-Propargyl acrylamide
was synthesized by following a previously reported procedure®® with a
minor modification. Propargylamine (0.64 mL, 10 mmol) was
dissolved in 15 mL of 1 M sodium hydroxide aqueous solution. To
a well-stirred aqueous solution of propargylamine and sodium
hydroxide, acryloyl chloride (1.22 mL, 1S mmol) in 2 mL of
dichloromethane was added dropwise while the reaction mixture was
kept at 0 °C by external ice-bath cooling. After addition was complete,
stirring was continued for an additional 2 h at room temperature. The
product was extracted with 15 mL of EtOAc three times and dried
over anhydrous MgSO,. The solvent was removed on a rotary
evaporator to yield a pale brown solid. Yield: 74% (814 mg); 'H
NMR (500 MHz, CD;0D): § 6.30 (dd, 1 H, J = 1.1, 16.9 Hz), 6.09
(dd, 1 H, J = 104, 16.9 Hz), 5.93 (br, 1 H), 5.67 (dd, 1 H, ] = 1.2,
10.3 Hz), 4.11 (dd, 2 H, J = 2.6, 5.3 Hz), 2.23 (t, 1 H, ] = 2.4 Hz);
BC NMR (125 MHz, CD30D): § 165.4, 130.2, 127.6, 79.5, 72.0,
29.5; HRMS (CI-TOF): m /z caled for CqHgNO [M + HJ*
110.0600; Found 110.0623.

Preparation of Polymer Nanoparticles (NPs) Consisting of
AAc, PAm, and/or TBAm as Comonomer(s). The procedure
reported by Debord and Lyon was adapted to synthesize polymer
nanoparticles (NPs).>’ ™" AAc (X mol %), PAm (Y mol %), TBAm
(Z mol %), NIPAm (98 — X — Y — Z mol %), BIS (2 mol %), and
SDS (10 mg) were dissolved in water (50 mL) and the resulting
solutions were filtered through a no. 2 Whatman filter paper. PAm or
TBAm was dissolved in acetonitrile (0.6 mL) or ethanol (1 mL),
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respectively, before addition to the monomer solution. The total
monomer concentration was 65 mM. Nitrogen gas was bubbled
through the reaction mixtures for 30 min. Following the addition of
ammonium persulfate aqueous solution (30 mg in 500 L of water),
the prepolymerization mixture was sealed under nitrogen gas.
Polymerization was carried out by inserting the round bottle flask
containing prepolymerization mixture in an oil bath preset to 60 °C
for 3 h. The polymerized solutions were purified by dialysis using a
dialysis membrane (12 000—14 000 Da MWCO) against an excess
amount of pure water (changed more than twice a day) for 4 days.
The NPs with a larger diameter were prepared in the identical manner
except for omission of SDS. The prepared NPs could be stored at
room temperature without noticeable change for several weeks.

Preparation of Polymer Nanoparticles Incorporating Amino
Acid-Derived Comonomers. Amino acid-derived monomer (X mol
%), NIPAm (98 — X mol %), BIS (2 mol %), and SDS (10 mg) were
dissolved in water (50 mL) and the resulting solutions were filtered
through a no. 2 Whatman filter paper. The total monomer
concentration was 65 mM. Nitrogen gas was bubbled through the
reaction mixtures for 30 min. Following the addition of ammonium
persulfate aqueous solution (30 mg in S00 uL of water), the
prepolymerization mixture was sealed under nitrogen gas. Polymer-
ization was carried out by inserting the round-bottom flask containing
prepolymerization mixture in an oil bath preset to 60 °C for 3 h. The
polymerized solutions were purified by dialysis using a dialysis
membrane (12 000—14 000 Da MWCO) against an excess of pure
water (changed more than twice a day) for 4 days. The NPs with a
larger diameter were prepared in the identical manner except for
omission of SDS. The prepared NPs could be stored at room
temperature without noticeable change for several weeks.

Characterization of NPs. The hydrodynamic diameter of NPs
was determined in aqueous solution (25 + 0.1 °C) by dynamic light
scattering (DLS) instrument equipped with zetasizer software Ver.
6.12 (Zetasizer Nano ZS, Malvern Instruments, Ltd.). The yield and
concentration of NPs were determined by gravimetric analysis of
lyophilized aliquots of NPs.

Preparation of Polymer-Coated Sepharose CL-4B Beads.
Step i: Functionalization of Sepharose CL-4B beads—Sepharose CL-4B
(40 mL in gel volume) was washed with water (120 mL) 3X and then
suspended in 25 mL of 1 M sodium hydroxide aqueous solution.
Epichlorohydrin (20 mL, 0.25 mol) was added to the mixture. The
pH of the gel suspension was ~13. The mixture was incubated in an
oil bath at 40 °C with vigorous stirring overnight. The gel was then
thoroughly washed with Et,O, acetone, and water. The number of
epoxide groups in the epoxy-activated Sepharose was determined
using the method of Sundberg and Porath.*’ Epoxy-activated
Sepharose beads (100 uL gel volume) was added to 2 mL of 1.3 M
sodium thiosulfate aqueous solution, and subsequently titrated with 1
M hydrochloric acid until pH 7.0 using phenol red as an indicator.
The amount of hydrochloric acid consumed was used to estimate the
number of epoxy groups on the Sepharose beads. The titration
indicated that 1 mL (gel volume) of the functionalized Sepharose
beads contain ~0.04 mmol of epoxide groups. Sodium azide (4.5 g, 90
mmol) was dissolved in 100 mL of water and mixed with the epoxy-
activated Sepharose beads (40 mL in gel volume). The mixture was
incubated at room temperature with stirring overnight. The gel was
thoroughly washed with water and kept in 10 mL water until further
use. The azide-functionalized Sepharose beads (10 mL in gel volume,
containing ~0.4 mmol of azide groups) was suspended in 14 mL of
methanol:water (1:1, v/v). To the suspension N-propargyl acrylamide
(6.6 mg, 0.6 mmol) dissolved in 2.0 mL of methanol/water (1:1, v/v),
400 pL of S0 mM sodium ascorbate aqueous solution, and 100 uL of
100 mM CuSO, aqueous solution were added. The mixture was
incubated at room temperature under stirring overnight. The gel was
thoroughly washed once with water (200 mL), twice with 20 mM
sodium phosphate buffer (pH 7.3) containing 1 mM EDTA (200
mL), twice with 20 mM sodium phosphate buffer (pH 7.3), and twice
with water (400 mL). Step ii: Coating of Sepharose CL-4B beads with
polymer chains—The propargyl acrylamide-functionalized Sepharose
beads (S mL in gel volume) was suspended in 10 mL of water
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containing monomers (AcPhe (40 mol %), NIPAm (58 mol %), and
BIS (2 mol %)), 2 mg of sodium dodecyl sulfate, and 6 mg of
ammonium persulfate. The total concentration of the monomers was
65 mM. The mixture was purged with dry nitrogen for 30 min and
sealed under nitrogen. The reaction was initiated by inserting the flask
into an oil bath at 60 °C and kept for 3 h with stirring. The polymer-
coated Sepharose beads were then transferred in a plastic column with
a frit and washed thoroughly with water. The prepared synthetic
copolymer-coated beads could be stored at 4 °C (in a refrigerator)
without noticeable change for several weeks.

Representative Procedure for the Quantification of Pep-
tides Bound to NPs by Centrifugal Filtration Assay. Buffer
solution (20 mM Tris-HCI (pH 7.8), 10% Tween 20 (w/v, in H,0),
peptide solution (100 #M in H,0), and NP solution (6.0 mg mL™" in
H,0) were prepared in separate tubes. The buffer solution (180.5
uL), 10% Tween 20 (2.5 uL), peptide solution (25 L), and NP
solution (42 uL) were mixed in centrifugal filtration tubes (Nanosep
with Omega (modified poly(ether sulfone)) ultrafiltration membrane,
MWCO: 100 kDa, PALL corp.) and incubated at room temp for 30
min. The final concentration of the buffer, peptide, and NP were ~15
mM, 10 uM, and ~1.0 mg mL™", respectively. Control samples had
the NP solution replaced by an equal volume of purified water. In
order to filter off the NPs and NP-bound peptides, the solution was
passed through the membrane by the centrifugal filtration (10000
rpm, 20 min, room temperature). Control samples had the NP
solution replaced by an equal volume of purified water and were
treated in the same manner as described above. A part of the filtrate
(100 pL) was mixed with 100 uL of 4-acetamidobenzoic acid solution
(40 M in H,0). The amount of the peptide present in the filtrate
was quantified by HPLC (Solvents: A = H,0 + 0.1% TFA, B =
MeCN + 0.1% TFA; Method: 0% B (S min) — gradient (0% B to
50% B, over 10 min) — gradient (50% B to 100% B, over 1 min) —
100% B (S min) — gradient (100% B to 0% B, over 1 min) — 0% B
(5 min); Injection volume: 100 uL; Flow rate: 1.2 mL/min;
Detection: absorbance at 220 nm.). The peak areas of the peptides
were integrated and normalized against the peak area of the internal
standard (4-acetamidobenzoic acid). The % of peptides bound to the
NP was calculated by the following equation:

)XIOO

where %PBNP is the percentage of peptides bound to the NP,
NPAPS is the normalized peak area of peptides in the sample, and
NPAPCS is the normalized peak area of peptides in the control
sample.

Procedure for Nonlinear Curve Fitting and Estimation of
the Average Dissociation Constant of Binding Sites on
AcPhe40 NP. The data of equilibrium binding study at different
concentrations of AcPhe40 NPs for its ability to bind Met-His6-
PreScission peptide in 15 mM Tris-HCI (pH 7.8) containing 0.1%
Tween 20 were analyzed by nonlinear curve fitting with one-site

model (eq 1).
B, X B
K,+B

NPAPS

%PBNP = (1 - —
NPAPCS

unoccupied
occupied —

(1)

In order to perform curve fitting, the amounts of peptide depleted
from solution were used as B,.ypieq and the values calculated by the eq
2 were used as B

unoccupied

unoccupied*

B

X = occupied

unoccupied —

@)

In each run, different values were assigned to x in eq 2, and the
values for B,,, and Kj that yield the best fit were computed by least-
squares fitting re§ression analysis on Nonlinear Least Squares Curve
Fitting Webtool.”" The best estimate of x and K values for the
binding sites with Met-His6-PreScission peptide affinity were
determined from the fitting result that returned a value that was
closest to 10 umol binding sites/L of NP suspension, which
corresponds to the theoretical maximum in this experimental setting,
for B,
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Procedure for Quantification of EGFPs Bound to NPs by
Centrifugal Filtration Assay. Protein solution (80 g mL™" in 16
mM Tris-HCl (pH 7.8)), 10% Tween 20 (w/v, in H,0), and NP
solution (0.8 mg mL™" in H,O) were prepared in separate tubes. The
protein solution (244.4 uL), 10% Tween 20 (2.5 uL), and NP
solution (3.1 L) were mixed in centrifugal filtration tubes (Nanosep
with Omega (modified poly(ether sulfone)) ultrafiltration membrane,
MWCO: 100 kDa, PALL Corp.) and incubated at room temp for 30
min. The final concentration of the protein and NP were ~8.0 ug
mL™" and 10 pg mL™', respectively. Control samples had the NP
solution replaced by an equal volume of purified water. Centrifugation
at 10000 rpm at room temperature for 10 min filtered off the NPs
and NP-bound proteins. Control samples replaced the NP solution by
an equal volume of purified water and were treated in the same
manner as described above. The amount of EGFPs in the filtrate was
quantified by fluorescence measurements on SPEX Fluorolog
spectrofluorometer (Jobin Yvon, Edison, NJ) (Excitation wavelength:
475 nm, and Emission wavelength: the average values of 497—500
nm.). The % of EGFPs bound to the NPs was calculated by the
following equation:

FEIS
FEICS

% of EGFPs bound to the NP = (1 - ) X 100

where FEIS is the fluorescence emission intensity in the sample and
FEICS is the fluorescence intensity in the control sample.

Procedure for Quantification of IGF1RKD Bound to NPs by
Centrifugal Filtration Assay. Protein solution (80 yg mL™" in 18.2
mM Tris-HCl (pH 7.8)), 10% Tween 20 (w/v, in H,0), and NP
solution (0.8 mg mL™" in H,0) were prepared in separate tubes. The
protein solution (216.5 uL), 10% Tween 20 (2.5 uL), and NP
solution (31 L) were mixed in centrifugal filtration tubes (Nanosep
with Omega (modified poly(ether sulfone)) ultrafiltration membrane,
MWCO: 100 kDa, PALL corp.) and incubated at room temp for 30
min. The final concentration of the protein and NP were ~8.0 ug
mL™" and 100 pug mL™", respectively. Control samples had the NP
solution replaced by an equal volume of purified water. Centrifugation
at 10 000 rpm at room temperature for S min resulted in the NPs and
NP-bound proteins being filtered off. Control samples replaced the
NP solution by an equal volume of purified water and were treated in
the same manner as described above. The amount of IGF1IRKD in the
filtrate was analyzed by SDS-PAGE.

Chromatographic Purification of EGFP-His6 Using Polymer-
Coated Agarose Beads. A Polyprep column (Bio-Rad) was packed
with S00 uL (in gel vol.) of the polymer-coated Sepharose CL-4B
beads. The column was pre-equilibrated with by applying 10 mL of
loading buffer (20 mM Tris-HCI (pH 7.8)). The EGFP-His6 solution
(0.225 mL), an E. coli cell lysate solution (1 mL) and loading buffer
(18.3 mL) were mixed and loaded to the column. Subsequently, 10
mL of wash buffer (20 mM Tris-HCI (pH 7.8)) was applied to the
column to remove proteins weakly bound to the column. Finally,
EGFP-His6 was eluted with 20 mM Tris-HCl (pH 8.6) (4 mL X 1
time) followed by 20 mM Tris-HCl (pH 9.0) (4 mL X 4 times).

In order to compare the effectiveness of polymer-coated agarose
beads with a commercially available immobilized metal ion affinity
column, a mixture of EGFP-His6 (0.225 mL), E. coli lysate (1 mL),
and 25 mM Tris-HCI buffer (pH 8.0) containing 0.5 M NaCl and 10
mM imidazole (18.3 mL) was prepared and loaded to a Polyprep
column packed with 500 uL (in gel vol) of His-Pur Ni*-NTA
agarose beads (Thermo Scientific). In this experiment, 25 mM Tris-
HCI buffer (pH 8.0) containing 0.5 M NaCl and 20 mM imidazole
(10 mL) was applied to the column in the wash step and 25 mM Tris-
HCI buffer (pH 8.0) containing 0.3 M NaCl and 150 mM imidazole
(4 mL X S times) was used to elute EGFP-His6 from the column.

All fractions from loading, wash, and elution steps were analyzed by
SDS-PAGE and fluorescence measurements on Gemini XPS
fluorescence microplate reader (Molecular Devices, LLC, Sunnyvale,
CA) (Excitation wavelength at 475 nm, emission wavelength at 505
nm with a cutoff filter for 495 nm).

SDS-PAGE Analysis. The filtrates from centrifugal filtration assays
or fractions from chromatographic study (7 uL) were mixed with a
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sample preparation solution (7 uL; water (68 vol %), glycerol (20 vol
%), 2-mercaptoethanol (12 vol %), Tris (66.7 mM), SDS (40 mg/
mL), bromophenol blue (0.04%, w/v)) and heated at 90 °C for 5—10
min. The prepared samples (10 uL) or molecular weight marker
solution (0.7 uL) were loaded into the wells in 12% SDS-PAGE gels
immersed in a running buffer (aqueous solution containing 25 mM
Tris, 192 mM glycine and 0.1% SDS), separated by electrophoresis.
The gels were stained using the silver staining method.

B RESULTS AND DISCUSSION

Functional Group Selection, Copolymer Synthesis,
and His6 Affinity Screen. The study begins with the
synthesis of a small library of NIPAm copolymer NPs
containing variable levels of negatively charged and hydro-
phobic comonomers. NPs of this type have been previously
reported to exhibit high water content and mesh sizes sufficient
to incorporate peptides and proteins into their interior.”> We
used directed chemical evolution, a method described
previously for the discovery of synthetic copolymer comple-
ments to biological macromolecules.34’42’43’35’44'45 The selec-
tion of monomers for inclusion in the copolymer was aided by
analysis of the crystal structure of an anti-His tag antibody-
His6 peptide antigen complex.*® As shown in Figure 1, the

Figure 1. Binding pocket of anti-His tag antibody and C-terminus of
His6 peptide antigen in the crystal structure of the antibody (PDB
entry: 1KTR).*® The negative and positive Coulombic potentials on
the antibody surface are colored with red and blue, respectively. The
peptide is colored by atom type C (gray), N (blue), and O(red).

binding pocket of the antibody consists predominantly of
negatively charged areas and a nonpolar domain. Hydrophobic
interactions are observed mainly between aromatic side chains
of the antibody (Tyr, Phe) and the imidazole rings of the
antigen. Additional hydrophobic interactions are observed
between the aromatic ring of Phe and the main-chain atoms of
His6 antigen. Acidic side chains in the binding cleft of the
antibody provide a strong negative surface potential. The
charged groups act as hydrogen bond acceptors for the
nitrogen-protons of the antigen imidazole side chains. With
this information, we synthesized a library incorporating varying
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Table 1. Polymer NPs Used in the First Round of Screening”

polymer NP AAc(mol %) PAm(mol %) TBAm(mol %) NIPAm(mol %) BIS(mol %) Dy” (am)
AAcS/PAm20 S 20 73 2 127
AAcS/PAm40 S 40 53 2 108
AAc20/PAm20 20 20 58 2 100
AAc20/PAm40 20 40 38 2 74
AAcS/TBAm40 S 40 53 2 85
AAc20/TBAm40 20 40 38 2 74
PAm20 20 78 2 109
PAm40 40 58 2 85
TBAmM40 40 58 2 75
NIPAm 98 2 431

“The mol % of each monomer is in the feed ratio. “Hydrodynamic diameter of NPs determined by dynamic light scattering measurement.

amounts of acrylic acid (AAc) and N-fert-butylacrylamide
(TBAm) or N-phenylacrylamide (PAm) monomers into
NIPAm-based NPs. Ammonium persulfate was used as an
initiator and all polymerization reactions were carried out in
unbuffered aqueous solution at 60 °C. In order to control the
size of NPs, a small amount of sodium dodecyl sulfate (SDS,
0.2 mg/mL) was also added to the polymerization mixture.
AAc was selected as the carboxylic acid-containing comonomer
for its hydrogen bond forming properties and negative charge
near physiological pH (pH 7.8).”** The aliphatic and
aromatic hydrophobic comonomers, TBAm and PAm, were
used to evaluate their relative effectiveness for binding to the
His-rich peptide. The library was then screened for binding to
a Met-His6-PreScission peptide (MHHHHHHLEVLFQGP-
CONH,). This peptide contains a common combination of N-
terminus His6-tag and cleavage site of PreScission protease
(LEVLEQGP).” Since many proteins have narrow stability
windows, we desired to develop an affinity material that
functioned as close to the physiological pH as possible. The
monomer compositions of the NPs that were used in this work
are summarized in Table 1.

The binding of Met-His6-PreScission peptide to the library
of NPs in 15 mM Tris-HCI buffer containing 0.1% Tween 20
(w/v) was evaluated by incubation of NPs (1000 yg/mL) and
peptides (10 #M) in buffer at room temperature followed by
centrifugal filtration (Table 2). Unbound peptides in the

Table 2. Peptide Sequences Used in This Study

peptide
Met-His6-PreScission

His6-PreScission

sequence
MHHHHHHLEVLFQGP-CONH,
HHHHHHLEVLFQGP-CONH,
HHHHLEVLFQGP-CONH,
HHLEVLEQGP-CONH,
MHHHHHHENLYFQG-CONH,
MHHHHHHDEVD-CONH,

His4-PreScission
His2-PreScission
Met-His6-TEV
Met-His6-Caspase3

filtrates were quantified using HPLC (Figure 2). The addition
of 0.1% Tween 20 was necessary to mitigate the adsorption of
peptides on the size exclusion membrane. The results establish
that AAc incorporation is required for measurable levels of
peptide binding. It was also found that NPs containing both
PAm and AAc (AAc5/PAm20, AAc20/PAm20, and AAc20/
PAm40 NPs) are more effective at binding to His6-PreScission
peptide compared to the NPs containing comparable amounts
of TBAm and AAc. This suggests that an aromatic hydro-
phobic functional group may be advantageous for affinity of
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His6-tags, a finding consistent with the antibody-His6 antigen
complex structure analysis described above.*’

In contrast, polymer NPs that contain only hydrophobic
monomers (TBAm or PAm) did not adsorb Met-His6-
PreScission peptide. Among the screened NPs, AAc20/
PAm20 and AAc20/PAm40 NPs showed the highest binding
capacity for Met-His6-PreScission. For example, AAc20/
PAm40 NPs (250 pg in 250 uL solution) bound 2.83 ug out
of the 4.63 pg of peptides originally added to the solution,
~60% of the total. The result suggests aromatic hydrophobic
groups and anionic carboxylic acid groups participate
cooperatively in Met-His6-PreScission peptide binding at
pH 7.8. We also observe that the ratio of these two functional
groups is important. For example, changing from AAcS/
PAm20 to AAc20/PAm20 and from AAc5/PAm40 to AAc20/
PAm40 produce significant increases in peptide binding. In
both cases, the change in ratio has a significant effect on
peptide binding. Although these trends suggest further
optimization, we point out that we are unable to explore all
compositional space because of concern with the stability of
NPs in aqueous solution. Although the data may suggest
further increasing PAm content, our previous study showed
that at high hydrophobic monomer content one encounters
NP instability and/or clustering of hydrophobic groups within
the NP, compromisin(g their effectiveness for interacting with
peptides or proteins.4

Contribution of Amino Acid-Derived Bifunctional
Comonomers to His6é Binding. Negatively charged and
hydrophobic groups were found to be important for binding to
Met-His6-PreScission peptide. Within the synthetic copoly-
mer, these two functional groups are statistically distributed
throughout the polymer network. These same functional
groups are also responsible for binding in the antibody-His6
peptide complex, but in the protein—peptide complex the two
groups can be found in close proximity. Indeed, the presence
of charged and hydrophobic groups in close proximity is a
structural motif found in many “hot spots” sites where alanine
mutations cause a significant increase in binding free energy
(greater than 2 kcal/mol).*”** To evaluate if proximity of
hydrophobic and charged groups could result in enhanced
binding, we examined the effect of amino acid-derived
bifunctional comonomers containing both groups within a
single monomer unit.”*>>* To this point, we synthesized and
evaluated a small library of polymer NPs that incorporated
three amino acid-derived comonomers, N-acryloyl phenyl-
alanine (AcPhe), N-acryloyl leucine (AcLeu), and N-acryloyl
alanine (AcAla). The size and nature of the hydrophobic group
was of particular interest, thus a phenyl group, isobutyl group,
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Figure 2. Binding of Met-His6-PreScission peptide (MHHHHHHLEVLFQGP-CONH,) to polymer NPs incorporating various comonomers in
15 mM Tris-HCl buffer (pH 7.8) containing 0.1% Tween 20 (w/v). Concentration of peptide = 10 uM (18.55 pg/mL). Concentration of polymer

nanoparticles = 1000 pg/mL.

Table 3. Polymer NPs Used in the Second Round of Screening”

polymer NP AcPhe(mol %) AcLeu(mol %) AcAla(mol %) NIPAm(mol %) BIS(mol %) Dy” (nm)
AcPhe20 20 78 2 106
AcPhe40 40 58 2 94
AcLeu20 20 78 2 81
AcLeu40 40 58 2 76
AcAla20 20 78 2 817
AcAla40 40 58 2 1232

“The mol % of each monomer is in the feed ratio. “Hydrodynamic diameter of NPs determined by dynamic light scattering measurement.

and methyl group were compared in this series. The

composition of these copolymers can be found in Table 3.
As shown in Figure 3, the polymer NP incorporating 40 mol

% of AcPhe (AcPhe40 NP) was identified as the most effective
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Figure 3. Binding of Met-His6-PreScission peptide (MHHH-
HHHLEVLFQGP-CONH,) to polymer NPs incorporating 20 mol
% or 40 mol % of AcPhe, AcLeu, or AcAla comonomers in 15 mM
Tris-HCl buffer (pH 7.8) containing 0.1% Tween 20 (w/v).
Concentration of peptide = 10 yM (18.55 ug/mL). Concentration
of polymer NPs = 1000 yg/mL.

candidate. This NP absorbs >90% of the peptide added. NPs
incorporating 20 mol % of AcPhe comonomer (AcPhe20 NP),
40 mol % of AcLeu comonomer (AcLeu40 NP) or AcAla
comonomer (AcAla40 NP) absorbed less than 50% of the
peptides added to the solution. It is clear the importance of
proximity of charged and aromatic functional groups.

In an effort to compare AcPhe40 NP and a previously
reported anti-His tag antibody single-chain variable fragment
(scFv), we performed a nonlinear curve fitting analysis of the
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binding curve (Figure S1 of the Supporting Information, SI).
The curve fitting analysis gave 14.7 nmol binding sites/mg
polymer and ~300 nM as the estimated values for the number
of the binding sites and average Kj reported anti-His tag
antibody 3DS scFv binds the His-tagged peptide with a Ky of
nmol His tag peptide/mg of scFv. Therefore, despite the fact
that these synthetic materials present a range of afinities, the
ensemble of binding sites on AcPhe40 NP exhibits a
performance that is comparable to its antibody counterpart
in terms of the numbers of binding sites (per weight basis) and
average affinity of the binding sites.

To investigate the correlation between the number of
consecutive histidine residues and the binding affinity as a
function of the AcPhe comonomer percentage, the binding of
three linear peptides, His6-PreScission, His4-PreScission, and
His2-PreScission containing six, four, or two histidine residues
with a protease cleavage site, were tested against AcPhe40 and
AcPhe20 NPs. A polymer NP that does not contain the AcPhe
comonomer was also included. As seen in Figure 4, binding
tracks with increasing histidine residues especially as the
content of AcPhe in NPs increased. This result clearly
demonstrates that the histidine residues are the magor
contributors to NP binding. Additionally, interactions>>*
between multiple imidazole rings and the NP functional groups
are important for strong NP-peptide binding. It is noteworthy
that anti-His tag antibody 3DS binds with His6, His4, and His3
peptides with equal strength.* In contrast, AcPhe40 NP binds
more strongly with His6 peptide compared to His4, suggesting
that the AcPhe40 NP interacts with a longer stretch of
histidine residues than the biological antibody counterpart.

In some cases, the His6-tags are removed before the target
can be characterized or applied. Conventional methods include
tag removal by highly specific proteases.”® The preceding
results showed that the AcPhe40 and AcPhe20 NPs exhibit
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Figure 4. Binding of peptides containing different numbers of
histidine residues to AcPhe40, AcPhe20, and NIPAm NPs that
incorporate 40 mol %, 20 mol %, and 0 mol % of AcPhe comonomer,
respectively, in 15 mM Tris-HCI buffer (pH 7.8) containing 0.1%
Tween 20 (w/v). Concentration of peptide = 10 uM (18.55 ug/mL).
Concentration of polymer nanoparticles = 1000 pg/mL.

strong affinity for the peptide containing the PreScission
protease cleavage site. Since the protease cleavage sequence
could affect the copolymer affinity to the His6 sequence, we
compared binding of AcPhe40 NP to two additional common
protease cleavage sequences fused with affinity tags, Met-His6-
TEV (ENLYFQG) and Met-His6-Caspase3 (DEVD). As
shown in Table 4, AcPhe40 NP was effective for binding all
three His6 containing peptides although Met-His6-Caspase3
showed a slightly lower level of binding. This could be due to
local electrostatic repulsions between the negative charges on
AcPhe40 NP and the negative charges on aspartate and
glutamate residues on the Caspase-3 cleavage site (DEVD) at
pH 7.8. The cleavage sequences for PreScission protease
(LEVLFQGP) and TEV protease (ENLYFQG) contain only 1
negatively charged residue and could account for the stronger
NP binding of Met-His6-PreScission and Met-His6-TEV in
comparison to Met-His6-Caspase3.

After establishing that the primary basis of AcPhe40 NPs
affinity was the His6-tag, the conditions required for peptide
release from the NPs were explored. In IMAC, elution of His-
tagged proteins is often achieved by competitively displacing
the His-tagged protein from immobilized metal-ions by high
concentration (250 mM or higher) of imidazole. These
conditions require a subsequent purification step. To circum-
vent this, we investigated if NP-His6 interactions can be
altered by small changes in pH. It was found that an increase in
pH is an eftective means of weakening the copolymer—peptide
interactions (Figure S). At neutral pH (7.0), both AcPhe40
and AcPhe20 NPs captured most of Met-His6-PreScission
peptide in the solution. However, as the pH is increased
slightly to 7.8, binding of AcPhe20 NP to the peptide falls off
significantly. The affinity of AcPhe40 NP for the His6 peptide
drops off at pH 8.6. We can use this pH responsiveness to
trigger the release of captured proteins from the synthetic
copolymer NPs.
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Figure S. Binding of Met-His6-PreScission

(MHHHHHHLEVLFQGP-CONH,) to AcPhe40 and AcPhe20
NPs in 15 mM Tris-HCl buffer (pH 7.0, 7.8, or 8.6) containing
0.1% Tween 20 (w/v). Concentration of peptide = 10 uM (18.55 ug/
mL). Concentration of polymer NPs = 1000 pg/mL.

The pH sensitivity may be attributed to the average number
of positive charges on His6-tag. The pK, of the histidine side
chain is ~6. The number of formal charges present in His6-
tags can be roughly estimated to +0.6, + 0.095, and +0.015,
respectively, at pH 7.0, 7.8, and 8.6. Thus, the His-tags lose
their partial positive charge over a narrow range of pH.
Although hydrophobic domains such as phenyl rings on AcPhe
monomer units could interact with the imidazole ring via 7—7
interactions, without electrostatic interactions with the anionic
carboxylic acid, the affinity is weakened. This explanation
appears to be consistent with the pH responsivity of the anti-
His tag antibody 3DS5 single-chain fragment.>®

Binding of His6-Tagged Proteins to AcPhe40 NPs.
The goal of this work was to develop an effective metal-free
affinity medium for purification of His6-tagged proteins from
protein expression systems. AcPhe40 NP was the most
promising candidate. We chose enhanced green fluorescence
protein (EGFP) and insulin-like growth factor 1 receptor
kinase domain (IGF1RKD) for this study. Both expressed
proteins were fused with His6-tags. A centrifugal filtration
assay procedure was used to evaluate the polymer NP—peptide
interactions for this study. As shown in Figures 6 and 7 both
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Figure 6. Result of centrifugal filtration assay for evaluating the
binding of EGFP-His6 to AcPhe40 NP in 15 mM Tris-HCI buffer
(pH 7.8) containing 0.1% Tween 20 (w/v) and subsequent
centrifugal filtration. Concentration of protein (EGFP-His6 or
EGFP) = 8 ug/mL (0.24 uM). Concentration of AcPhe40 NP =
10 pug/mL.

Table 4. Binding of His6 Containing Peptides Fused with Different Protease Cleavage Sequences to AcPhe40 NP in 15 mM

Tris-HCI Buffer (pH 7.8) Containing 0.1% Tween 20 (w/v)“

peptide sequence
MHHHHHHLEVLFQGP-CONH,
MHHHHHHENLYFQG-CONH,
MHHHHHHDEVD-CONH,

Met-His6-PreScission
Met-His6-TEV
Met-His6-Caspase

% peptide bound to AcPhe40 NP
94.5 + 0.8%
96.4 £ 3.2%
72.1 £ 72%

“Concentration of peptide = 10 uM. Concentration of polymer nanoparticles = 1000 yg/mL.
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Figure 7. SDS-PAGE analysis of filtrates from the centrifugal filtration
assay for evaluating the binding of His6-IGFIRKD to AcPhe40 NP in
15 mM Tris-HCl buffer (pH 7.8) containing 0.1% Tween 20 (w/v).
Concentration of protein (His6-IGFIRKD or IGFRKD) = 8 pg/mL
(0.24 uM). Concentration of AcPhe40 NP = 100 yg/mL. Lanes M:
molecular weight markers. Lane 1: His6-IGFIRKD-His6 control
(without filtration). Lane 2: His6-IGFIRKD + AcPhe40 NP
(filtrate). Lane 3: His6-IGFIRKD without NP (filtrate). Lane 4:
IGF1RKD control (without filtration). Lane 5: IGFIRKD + AcPhe40
NP (filtrate). Lane 6: IGF1IRKD without NP (filtrate). The gel image
was taken after silver staining.

EGFP-His6 and His6-IGF1RKD were taken up by AcPhe40
NP. In contrast, neither EGFP nor IGF1RKD proteins lacking
the His6-tag bound to AcPhe40 NP. Control experiments
were carried out in the absence of polymer NPs confirmed that
the depletion of proteins from solution was due to the
absorption by the polymer NPs and not caused by adhesion to
the filter membrane.

Chromatographic Purification of EGFP-His6. The use
of the centrifugal filtration procedure allowed for demonstrat-
ing small scale (250 yL) capture of His6-tagged proteins.
However, this procedure has limitations in terms of scalability.
When the experiment is performed at higher NP concen-
trations or with larger sample volumes, the NPs clogged the
pores on the filtration membrane after only a portion of the
sample solution passed through the filtration unit. To
overcome this problem, we prepared agarose beads coated
with a layer of polymer chains consisting of the same monomer
composition as AcPhe40 NP to evaluate the utility of the
copolymer-coated agarose gels for isolating EGFP-His6 from
other proteins that are derived from E. coli cells. The polymer-
coated agarose beads were prepared by the introduction of
covalently linked double bonds to the agarose beads via the
introduction of epoxide group, azidation,™ and copper-
catalyzed “click” reaction,”® followed by copolymerization of
comonomers in the presence of modified beads. This
procedure was developed to attach polymer chains to agarose
beads without introducing any undesired charged groups. The
result of elemental analysis indicated that at least 10% (in
weight %) of the polymer-coated beads consists of copolymer
chains (Table S2). His-Pur Ni**-NTA resin was used for a
direct comparison with a commercially available affinity
medium for N2*-NTA-based IMAC.

Table 5 summarizes the result of the chromatographic study.
In this study, a protein mixture sample containing E. coli cell
lysate and EGFP-His6 were diluted in 20 mM Tris-HCI buffer
(pH 7.8) and loaded on the column. After proteins loosely
bound to the column were washed off with 20 mM Tris-HCl
buffer (pH 8.0), EGFP-His6 was eluted by applying 20 mM
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Table S. Amount of EGFP-His6 Found in Each Fraction
from the Chromatographic Study”

amount of EGFP found
(% vs loaded protein mixture sample)

fraction HisPur Ni-NTA  AcPhe40-coated Sepharose CL-4B
flow-through 3.1 2.4
wash 0.3 1.7
elution 1 23.7 38.1
elution 2 21.7 20.5
elution 3 14.6 13.8
elution 4 7.9 32
elution S 5.3 24

“The amount of EGFP was determined based on the fluorescence
intensity (Ex. 475 nm, Em. 505 nm, cutoff filter 495 nm) and volume
of each fraction.

Tris-HCI buffer with slightly higher pH (pH 8.6 and 9.0). The
amount of EGFP in each fraction was then determined by
fluorescence measurements. The result showed the AcPhe40-
coated Sepharose CL-4B column strongly retained the EGFP-
His6 throughout the sample loading and wash steps. The
elution condition used in this experiment allowed for recovery
of up to 78% of EGFP-His6 from the AcPhe40-coated
Sepharose CL-4B column. Figure 8 shows the SDS-PAGE

Lane M S 1 2

250 k
150 k
100 k

75k

s0k W
37k '

3 S 4 5 6 M

._'(- EGFP-His6
=]

15k
10 k -
AN Y J L Y )
HisPur™ AcPhe40-coated
(Ni-NTA) Sepharose® 4B

Figure 8. SDS-PAGE analysis of fractions from a chromatographic
study. Lanes M: molecular weight markers. Lanes S: protein mixture
sample prior to chromatographic separation. Lane 1: flow-through
fraction from HisPur Ni-NTA column. Lane 2: wash fraction from
HisPur Ni-NTA column. Lane 3: 1% to 3" elution fractions from
HisPur Ni-NTA column Three fractions were combined prior to the
analysis. Lane 4: flow-through fraction from AcPhe40-coated
Sepharose CL-4B column. Lane 5: wash fraction from AcPhe40-
coated Sepharose CL-4B column. Lane 6: 1% to 3™ elution fractions
from AcPhe40-coated Sepharose CL-4B column. Three fractions were
combined prior to the analysis. The gel image was taken after silver
staining.

analysis of flow-through, wash, and combined elution fractions
1—-3. Most proteins derived from E. coli host cells were found
in the flow-through fraction, and the elution fractions
contained highly purified EGFP-His6. The result establishes
that AcPhe40-coated Sepharose CL-4B beads are effective for
separating EGFP-His6 from complex matrixes (E. coli cell
lysates). The purity of recovered EGFP-His6 was comparable
to or slightly higher than the sample purified by Ni**-NTA
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agarose beads. Overall, fluorescence measurements and SDS-
PAGE analysis showed that AcPhe40-coated Sepharose CL-4B
column functions as effectively as a Ni-NTA column (HisPur)
demonstrating the practical utility of the AcPhe40 copolymer.

B CONCLUSIONS

A metal-free, selective affinity material for the His6-tag has
been developed. The material, a hydrogel copolymer, was
identified from a screen of small libraries of hydrogel
copolymer NPs. The choice of comonomers for the polymer
libraries was guided by analysis of the X-ray crystal structure of
the anti-His tag antibody 3DS single-chain fragment
complexed to its antigen. The structural biology study
indicated both negatively charged and hydrophobic groups
would be important for affinity to the His6 antigen. Initial
screening of synthetic polymer-based NPs showed that NPs
incorporating both acrylic acid (AAc) and N-phenylacrylamide
(PAm) exhibit moderate His6-tag affinity. Further refinement
incorporating bifunctional amino acid-derived monomers
revealed that the proximity of both aromatic group and
negative charge in a phenylalanine-derived monomer was
found to be most effective. A lightly cross-linked NIPAm based
hydrogel copolymer incorporating 40% of N-acryloyl phenyl
alanine (AcPhe40), exhibited high affinity for both His6-
tagged peptides and proteins in 15 mM Tris-HCI bufter at pH
7.8. Affinity was relatively insensitive to the inclusion of
enzyme cleavage sequence. It was also found that the His6-tag
affinity of AcPhe40 NP is pH sensitive and is substantially
weakened at pH 8.6. The pH responsiveness was used to
release His6-tagged proteins from the copolymer. Column
chromatography experiments with AcPhe40-coated agarose
beads efficiently captured and released a His6-tagged EGFP
(EGFP-His6) from E. coli cell lysate establishing the potential
synthetic polymer-based affinity materials for purification of
His6-tagged proteins. The affinity material does not rely on
metal-histidine coordination, and therefore offers potential
advantages over IMAC.
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B ABBREVIATIONS
AAc acrylic acid

AcAla N-acryloyl r-alanine
AcLeu N-acryloyl L-leucine
AcPhe N-acryloyl L-phenylalanine

BIS N,N’-methylenebisacrylamide
EGFP enhanced green fluorescence protein
IGF1RKD insulin-like growth factor 1 receptor kinase domain

IMAC immobilized metal ion affinity chromatography
NIPAm  N-isopropyl acrylamide

NP nanoparticle

NTA nitrilotriacetic acid

PAm N-phenyl acrylamide

SDS sodium dodecyl sulfate

TBAm N-tert-butyl acrylamide
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