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ABSTRACT: The high selectivity of protein farnesyltransfer-
ase was used to regioselectively append farnesyl analogues
bearing bioorthogonal alkyne and azide functional groups to
recombinant Schistosoma japonicum glutathione S-transferase
(GSTase) and the active modified protein was covalently
attached to glass surfaces. The cysteine residue in a C-terminal
CVIA sequence appended to N-terminally Hiss-tagged
glutathione S-transferase (Hiss-GSTase-CVIA) was post-trans-
lationally modified by incubation of purified protein or cell-
free homogenates from E. coli M15/pQE-Hiss-GSTase-CVIA
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with yeast protein farnesyltransferase (PFTase) and analogues of farnesyl diphosphate (FPP) containing w-azide and alkyne
moieties. The modified proteins were added to wells on silicone-matted glass slides whose surfaces were modified with PEG units
containing complementary @-alkyne and azide moieties and covalently attached to the surface by a Cu(I)-catalyzed Huisgen [3 +
2] cycloaddition. The wells were washed and assayed for GSTase activity by monitoring the increase in A4 upon addition of 1-
chloro-2,4-dinitrobenzene (CDNB) and reduced glutathione (GT). GSTase activity was substantially higher in the wells spotted
with alkyne (Hiss-GSTase-CVIA-PE) or azide (His,-GSTase-CVIA-AZ) modified glutathione-S-transferase than in control wells

spotted with farnesyl-modified enzyme (Hiss-GSTase-CVIA-F

B INTRODUCTION

Since their inception, protein chips have proven to be useful in
high throughput analysis for drug discovery, diagnosis, and in
enhancing our understanding of key biological interactions." ™
In contrast to nonselective approaches for anchoring proteins
on surfaces in random orientations, the function of protein
chips is enhanced when proteins are immobilized regioselec-
tively. For example, the binding capacity of RNase A for
ribonuclease inhibitor proteins was 4-fold higher when the
protein was linked to a gold surface regioselectively through a
cysteine residue at position 19, relative to protein immobilized
in random orientations by amide linkages to surface lysines.’
Various approaches have been designed to achieve regiose-
lectivity by selective modification of innate or engineered
functional groups.G_12 Despite these developments, immobili-
zation of enzymes that retain catalytic function remains a
challenge.

Protein farnesyltransferase (PFTase) is a eukaryotic enzyme
that catalyzes the attachment of a C,s isoprenoid (farnesyl)
moiety to the cysteine residue in a C-terminal CaaX
recognition motif, where C is cysteine, a is usually an amino
acid with a small aliphatic side chain, and X is alanine, serine,
phenylalanine, methionine, or glutamine.” Although recog-
nition of a CaaX sequence by PFTase can be context-
dependent, protein prenylation is one of nature’s strategies for
docking soluble proteins to membranes and the reaction is
general for any soluble protein or peptide bearing this
recognition sequence.''® Proteins targeted to membranes by
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post-translational prenylation is a prominent feature in cellular
signal transduction networks.'®

Protein prenylation strategies with natural and modified
farnesyl or geranylgeranyl diphosphate substrates have proven
to be highly valuable in studying various biological signaling
events.'” >> We previously reported that PFTase accepts a
broad range of farnesyl diphosphate (FPP) analogues as
substrates, and we used yeast PFTase to chemo- and
regioselectively append short hydrocarbon moieties containing
bioorthogonal @-terminal azide and alkyne groups to the
cysteine residue.”*** We and others have utilized this approach
to site specifically modify proteins for various applica-
tions.”"*>~** In our application, the modified proteins were
immobilized site specifically to activated glass slides by either a
Cu (I)-catalyzed Huisgen [3 + 2] cycloaddition or a Staudinger
ligation (Scheme 1).** The conditions for these immobilization
steps are sufficiently mild to preserve the tertiary fold of green
fluorescent protein (GFP) and the covalent attachments are
robust enough that bound GFP can be detected with antibodies
after treatment of the slides with detergent at high temperatures
(~80 °C).

Previously, prenylation of CaaX-containing GSTase was used
as a test protein to compare the catalytic activity of yeast and
mammalian farnesyltransferase® and in our preliminary work
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Scheme 1. Protein Immobilization by Post-Translational Modification of Cysteine of the CaaX Motif with Bioorthogonal

Functionality Followed by Ligation to Glass Surface
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to immobilize proteins on a glass surface.”* The enzyme was
selected as a demanding model for this study because its activity
depends on its tertiary fold and maintenance of its
homodimeric quaternary structure.’® In addition, the catalytic
site is located at the interface of the two monomeric units in
GSTases, and we were especially interested to see if the enzyme
was active after C-terminal bioorthogonal modification and
subsequent covalent attachment to the surface.’’ We now
report the results of experiments with purified GSTase and
enzyme from cell-free homogenates, which demonstrate that
the regioselectively immobilized protein retains its catalytic
activity.

B EXPERIMENTAL PROCEDURES

Protein Immobilization. A solution of Hiss-GSTase-
CVIA-PE or Hisg-GSTase-CVIA-F (3 pL, 10 uM) was spotted
into individual wells. Click reagent (7 4L of a solution prepared
by mixing 40 yL of 100 mM CuSO,, 8.0 L of 500 mM TCEP,
and 400 L of 10 mM TBTA in 3.6 mL of 3:1 H,O:glycerol)
was added to each well. The slide was kept humid at 4 °C in a
cold room with gentle swirling for 6 h. Each well was washed
with 10 uL of phosphate buffered saline containing Tween20
(PBST) followed by addition of 4 uL of Block IT solution and
gentle shaking for 4 h at 4 °C. Each well was washed three
times for 15 min with 10 uL of PBST before 4 uL of anti-
GSTase Alexa Fluor (40 pg/mL in Tris-buffered saline TBS)
was added. The slide was incubated overnight at 4 °C. The
silicone mat was carefully removed; the slide was washed with
several portions of PBST over 2 h; and the slide was scanned
with a phosphorimager. After scanning, the slide was immersed
in stripping solution (125 mM glycine, S00 mM sodium
chloride, 2.5% Tween20, pH = 2.0) for 6 h at 80 °C. The slide
was scanned again after rinsing with PBST. The slide was
blocked, washed, incubated with anti-GST (40 ug/mL)
overnight at 4 °C and imaged. Spots were quantified using
ImageQuant software.

General Procedure for Assay of Immobilized GSTase.
ArraylT glass slides derivatized with L-AZ or L-PE were
immersed in 2 mL of 3:1 H,O:glycerol for 1 h at 4 °C with
constant swirling under N,. The slides were matted in a 96-well
microarray format using a commercially available hardware
sandwich and gasket system (ArraylT, MMH4 X 24). A stock
solution of Hiss-GSTase-CVIA-PE or Hisg-GSTase-CVIA-AZ
(986 uM) was serially diluted with a buffer consisting of 100
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mM sodium phosphate and 1 mM dithiothreitol (DTT), at pH
6.5 to give solutions containing 33, 67, 133, and 267 uM
protein. 30 uL portions of these samples were spotted into
wells on the slide. A 70 uL portion of click reagent cocktail was
added to each well and the slide was incubated at 4 °C for 4 h
with gentle swirling. The wells were rinsed once with PBS (200
uL per well) and with PBST (200 uL per well) overnight. The
wells were emptied and replenished with 100 uL of a solution
containing 250 #M 1-chloro-2,4-dinitrobenzene (CDNB), 1
mM glutathione in 100 mM sodium phosphate buffer, pH 6.5.
The plates were gently shaken at 21 °C for 30 min. A 75 uL
portion was removed from each well and the absorbance at 340
nm was measured in order to calculate the activity of the
immobilized enzyme.

B RESULTS AND DISCUSSION

Cloning, Expression, and Prenylation of Recombinant
Glutathione S-Transferase. pQE-His,-GSTase-CVIA was
constructed by inserting the gene for Schistosoma japonicum
GSTase into pQE-30Xa to encode GSTase with an N-terminal
histidine tag (Hiss) and a C-terminal CVIA PFTase CaaX
recognition motif. IPTG induction of expression strain E. coli
M1S5-pQE-Hiss-GSTase-CVIA gave recombinant Hisg-GSTase-
CVIA. The enzyme was purified to near homogeneity by
chromatography on a Ni*’-NTA matrix (see Figure S1 in
Supporting Information for SDS PAGE analysis). The gel
showed higher molecular weight bands for GSTase multimers
that persisted even after dialysis under reducing conditions in
the presence of 1 mM f-mercaptoethanol (f-ME) or 1 mM
dithiothreitol (DTT). ESI-MS also showed a peak consistent
with truncated GSTase that coeluted with the full-length
protein (see Supporting Information). Purified Hiss-GSTase-
CVIA was farnesylated by incubation with FPP and yeast
PFTase as shown in Scheme 2. The progress of the reaction
was followed by ESI-MS by observing the disappearance of the
ESI-MS signal at m/z 29 376 (unmodified His,-GSTase-CVIA)
and the concomitant increase of a new signal at m/z 29 581.
The 205 Da difference between the two signals confirmed the
addition of a C; farnesyl unit to Hiss-GSTase-CVIA. After 3 h
at 30 °C, ESI-MS analysis indicated that the unmodified protein
was consumed and farnesylated His¢-GSTase-CVIA-F was the
sole product.

Hiss-GSTase-CVIA was prenylated with the alkyne analogue
PEPP or the azide analogue AZPP under identical incubation
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Scheme 2. Protein Farnesyltransferase (PFTase) Catalyzed
Prenylation of Hiss-GSTase-CVIA Leading to Site-Specific
Modifications with FPP, AZPP, and PEPP*
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“Incubations were in 50 mM sodium phosphate, pH 7.0; containing 10
mM MgCl,; 10 mM ZnCl,, S mM f-ME with 35 mM FPP, AZPP, or
PEPP, 35 mM purified Hiss-GSTase-CVIA, and 12 nM yeast PFTase.
The mixture was incubated at 30 °C for 3 h.

conditions. We previously found that these compounds are
excellent substrates for PFTase with catalytic efficiencies (V/K)
that are comparable to that of FPP, where (V/K), "% = 1.0,
(V/K),o**" = 2.1, and (V/K),"®*® = 0.71, and the rates for
prenylation of the CaaX cysteine are similar, where k" =
13157 kM = 1.10 s7}, and kPP = 1.06 s71.>* Thus, the
alkyne and azide moieties can be placed in either the protein or
the complementary linker.

Prenylation of His-GSTase-CVIA modified with PEPP
yielded a protein with an ESI-MS signal at m/z 29 595,
confirming the attachment of the alkyne-containing prenyl
chain. Similarly, prenylation with AZPP gave a protein with an
ESI-MS signal at m/z 29 582 for attachment of the azide-
containing prenyl chain. These values differ from the mass of
unmodified Hiss-GSTase-CVIA by 219 and 206 Da,
respectively.

Bioorthogonal Modifications of Glass Surfaces. Glass
slides were coated with azide (L-Az) or alkyne (L-PE) linkers
and hydroxyl-terminated spacers (see Scheme 3).*>** Com-
mercially available amine-terminated slides were activated by
treatment with a mixtutre of disuccinimidyl carbonate and
Hunig’s base in DMF for 1 h and rinsed with DMF.

The activated slides were treated with a 20:1 mixture of
spacer and linker as illustrated in Scheme 3. The slides were
shaken for 12 h with a mixture of L-Az and w-aminohexylPEG-
3 ether (spacer 1) or L-PE and S-amino-1-pentanol (spacer 2)
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Scheme 3. Glass Surface Modification with Bioorthogonal
Azide and Alkyne Functionalities
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in DMF containing Hunig’s base in a sealed chamber.
Ethanolamine was added to cap any remaining active carbamate
sites. Contact angle measurements confirmed an increase in the
hydrophobicity of the glass surface upon attachment of the
linkers and spacers. Values for the contact angle increased from
0° for the free amine-coated slides to ~50° after treatment with
L-Az or L-PE, confirming an increase in the hydrophobicity of
the glass surface. The slides were stored in a mixture of
water:glycerol at 4 °C until use.

Immobilization of Purified Hiss-GSTase-CVIA-PE. Azide-
coated glass slides were matted with a 24-well microplate
format. Increasing concentrations of Hiss-GSTase-CVIA-PE in
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pH 6.5 phosphate buffer, containing DTT were added to the
wells, followed by a mixture of Cu(I) salt and TBTA (Figure
1). We compared the activity of covalently immobilized

Hisg-GSTase-CVIA-PE
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Figure 1. Immobilization of Hiss,-GSTase-CVIA-PE on an azide-
coated glass surface using bioorthogonal Cu(I)-catalyzed Huisgen [3 +
2] cycloaddition.

GSTase to a nonspecifically bound control using farnesylated
GSTase, which lacks the complementary azide or alkyne
required for the Huisgen cycloaddition.

Modification, Immobilization, and Activity of Purified
Hiss-GSTase-CVIA. GSTase Assay. The UV assay for GSTase
activity is based on a 10-fold change in absorbance at 340 nm
upon substitution of the chlorine in chloro-2,4-dinitrobenzene
(CDNB) by glutathione.>**® The difference in the relative rates
of enzymatic and nonenzymatic S-alkylation reactions was
sufficiently large to permit the catalytic activity of immobilized
GSTase to be evaluated (see SI). His,-GSTase-CVIA-F, Hisy-
GSTase-CVIA-PE, or Hiss-GSTase-CVIA was added to a
solution of CDNB and reduced glutathione (GT) in phosphate
buffer, pH 6.5, at 21 °C. The rate of product formation was
determined from the change in absorbance with time in the
linear portion of the progress curve (see Figure S3) to give ke,
= 2.1 min~" for His;-GSTase-CVIA-PE (see Figure S3). Hisg-
GSTase-CVIA-F and Hiss-GSTase-CVIA-PE retained ~66% of
their catalytic activity after modification relative to the
unmodified enzyme.

Hiss-GSTase-CVIA-PE was immobilized on azide-coated
glass slides as shown in Figure 2. The activity of immobilized
Hiss-GSTase-CVIA-PE was measured using saturating concen-
trations of GT and CDNB. Each assay was run in triplicate
along with enzyme-free controls to determine the non-
enzymatic background for the assay (Figure 2A). Results for
wells containing His,-GSTase-CVIA-PE and Hiss-GSTase-
CVIA-F are shown in Figure 2B. Activity, which increased
with increasing amounts of enzyme, was detected in wells
containing Hiss-GSTase-CVIA-PE and the Hiss-GSTase-CVIA-
F control. Predictably, this activity increased with increasing
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Figure 2. (A) Enzyme activity assay for immobilized Hiss-GSTase-
CVIA-PE on azide-derivatized glass surface. (B) Plot of GSTase
activity as a function of the concentration of enzyme immobilized.
HissGSTase-CVIA-PE, blue; and His¢GSTase-CVIA-F, purple. Esti-
mated GSTase concentration on glass surface (pmol/mm?): A, 5.0; B,
10.0; C, 20; D, 40. Activity determined by measuring A3,y nm in 100
mM NaH,PO, buffer, pH = 6.5, containing 250 #M CDNB and 1 mM
GT after incubation for 30 min at 21 °C.

GT-CDNB adduct [uM)
8 8

concentration of Hiss-GSTase-CVIA-PE or Hisg-GSTase-
CVIA-F. Similar levels of activity were observed for GSTase-
PE and GSTase-F in those wells containing <5.0 pmol of
enzyme/mm* (Figure 2B, entry A). We attribute this
observation to a basal level of nonspecifically bound enzyme
that was not removed by washing with PBST buffer. In wells
containing higher concentrations of GSTase (B, C, and D in
Figure 2B), the activity of Hiss-GSTase-CVIA-PE was 2—3-fold
higher than His-GSTase-CVIA-F. Based on the estimated
density of immobilized Hiss-GSTase-CVIA-PE (see below), k.,
= 1.4 min~" for the conjugation of glutathione with CDNB, as
compared to kg = 2.1 min' for unmodified GSTase in
solution. Thus, qualitatively, the activity of immobilized His4-
GSTase-CVIA-PE is similar to what is observed for GSTase in
solution. The ~30% decrease in activity is within our ability to
accurately estimate the amount of protein covalently bound to
the slide. In subsequent experiments described below, we
observed that the nonspecific adsorption of Hiss-GSTase-
CVIA-F was dramatically reduced when the protein was
immobilized from cell-free homogenates.

While the precise amount of immobilized GSTase is not
known, qualitatively, we observe that the protein is immobilized
in an active conformation. An upper limit for the concentration
of GSTase on the surface of the slide was estimated from the
density of amino groups on the glass surface (8.3 X 107> mol
of amino groups per mm”) and a spacer:linker ratio of 20:1 to
give a surface concentration of 0.42 picomol/mm2 for
immobilized GSTase monomer. The surface area for each
well is 59 mm?, which corresponds to 250 pmol of immobilized
GSTase in each well when the surface is saturated. The
estimated maximal amounts of immobilized GSTase in our
experiments vary from ~$ to 250 pmol/well.

Prenylation, Immobilization, and Activity of Hiss-GSTase-
CVIA-PE from Cell-Free Homogenates. We also modified His,-
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GSTase-CVIA in clarified cell-free homogenates with PEPP
using conditions identical to those described for the purified
protein. ESI-MS gave signal at 29594 Da, indicative or
formation of His,-GSTase-CVIA-PE (see SI, Table 1). No
signals were detected for unmodified His-GSTase-CVIA. An
ESI spectrum was also obtained for the modified protein after it
was purified by Ni**-NTA chromatography. Similar reactions
with AZPP and FPP gave His,-GSTase-CVIA-Az and His,-
GSTase-CVIA-F, respectively, as indicated by ESI-MS analysis.
Cell lysate containing Hiss-GST-CVIAase-PE or Hise-
GSTase-CVIA-F (control) were spotted in individual wells on
an azide-derivatized glass surface, followed by addition of the
Cu(I)-TBTA-TCEP to initiate cycloaddition. The wells were
rinsed with PBST. Additional control samples included His4-
GST-CVIAase-PE and Hisy-GSTase-CVIA-F in wells where the
Cu(I)-catalyst was not added. Individual wells were assayed for
GSTase activity and the results are shown in Figure 3.

120

100 1
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GT-CDNB adduct [uM]
L] *
o (=]

] -— Bl

Figure 3. GSTase activity for covalently immobilized HissGSTase-
CVIA-PE and HissGSTase-CVIA-F from cell-free homogenates of E.
coli M1S-pQE(Hiss-GSTase-CVIA). Activity was determined by
measuring Ay, in 100 mM NaH,PO, buffer, pH = 6.5, containing
250 mM CDNB and 1 mM GT after incubation for 60 min at 21 °C.
HissGSTase-CVIA-PE with Cu(l), green; His,GSTase-CVIA-F with
Cu(I), red; HissGSTase-CVIA-PE, blue; His¢GSTase-CVIA-F, purple.

The highest levels of activity were seen in wells where His,-
GSTase-CVIA-PE was treated with Cu(I) (column 1). Residual
activity was also seen in wells where Hiss-GSTase-CVIA-F was
treated similarly, indicative of a basal level of nonspecific,
noncovalent adsorption. However, the activity for wells
containing His-GSTase-CVIA-PE in the absence of Cu(I)
was significantly higher. This observation might reflect
incomplete washing of the well before the assay or a basal
level of uncatalyzed cycloaddition.

The difference in the relative amounts of GSTase activity in
wells containing covalently immobilized protein and the
controls for samples spotted from solutions of purified protein
and cell-free homogenates is noticeable. We surmise that
proteins in the cell-free homogenate compete favorably with
GSTase for reactive sites on the glass surface responsible for the
nonspecific immobilization.

Detection of Immobilized GSTase with Fluorescent
Antibodies. A slide with wells containing covalently immobi-
lized Hiss,-GSTase-CVIA-PE (+Cu(I)) and adsorbed His,-
GSTase-CVIA-PE (—Cu(I)), both from cell free homogenates,
was treated with a solution of AlexaFluor anti-GST, washed
with PBST, and visualized by phosphorimaging. As seen in
Figure 4, strong fluorescence was detected for wells containing
Hiss-GSTase-CVIA-PE (columns A and B), while only very
faint spots were detected for wells containing Hiss-GSTase-
CVIA-F (columns C and D). All adsorbed proteins were then
stripped from the slide by treatment with 25 mM glycine buffer,
pH 2.0, containing 500 mM sodium chloride for 2 h at 80 °C.
Treatment with a second round of antibodies produced the
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Figure 4. Hiss,-GSTase-CVIA-PE immobilization from cell-free
homogenate of E. coli M15-pQE(Hiss-GSTase-CVIA) strain without
Cu(I). Wells loaded with 10 uM Hiss-GSTase-CVIA-PE, columns A
and B. Wells loaded with 10 uM Hiss-GSTase-CVIA-F, columns C and
D. Wells were treated with 40 ug/mL of AlexaFluor conjugated anti-
GSTase antibody prior to imaging. Columns E, F, G, and H are after
stripping and reloading anti-GST onto the slide.

same patterns of fluorescence. These results suggest that a low
level of covalent modification occurs without Cu(I), which is
substantially increased with addition of the catalyst.
Immobilization and Analysis of Hiss-GSTase-CVIA-AZ
from a Cell-Free Homogenate. We also immobilized
GSTase regioselectively by reversing the locations of alkyne
and azide moieties. Purified Hiss-GSTase-CVIA-AZ and
enzyme in a cell-free homogenate was spotted on slides coated
with L-PE. Figure 5 shows enzymatic activity assay after

B
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- »
o [=]
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Figure S. Schematic representation of azide-derivatized GSTase
immobilized on alkyne slides. GSTase activity for immobilized
His,GSTase-CVIA-Az and HisGSTase-CVIA-F from cell-free homo-
genate of E. coli M15-pQE(Hiss-GSTase-CVIA) strain is plotted as a
function of product formation. Activity determined by measuring A4,
in 100 mM NaH,PO, buffer, pH = 6.5, containing 250 uM CDNB and
1 mM GT after incubation for 60 min at 21 °C. His;GSTase-CVIA-Az,
blue; and HissGSTase-CVIA-F, purple.

immobilization of Hiss-GSTase-CVIA-AZ. The activity in wells
containing covalently immobilized Hiss-GSTase-CVIA-AZ was
approximately 9-fold higher than in those containing adsorbed
Hisy-GSTase-CVIA-F.

B CONCLUSIONS

Bioorthogonal reactions are widely employed in a variety of
applications in cellular imaging.** Among these, the Huisgen [3
+ 2] cycloaddition has proven to be particularly useful because
molecules bearing azide or alkyne functional groups can be
readily synthesized and are easy to handle, and the reaction is
highly selective and efficient.”’ The PFTase catalyzed post-
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translational alkylation of the cysteine residue in a C-terminal
CaaX recognition motif by analogues of FPP provides an
opportunity for placing alkyne and azide moieties near the C-
terminus of a soluble protein using procedures that are mild
and regioselective. The modified proteins can be attached to
imaging agents, other proteins, surfaces, and so forth by the
Huisgen [3 + 2] cycloaddition under biocompatible conditions
that preserve the native fold of the protein.

Purified GSTase-CVIA-AZ or GSTase-CVIE-PE, or more
conveniently the proteins from cell-free lysates, were covalently
attached to glass slides through their respective isoprenoid
appendages. The modification and immobilization reactions
were sufficiently mild for the enzyme to retain its catalytic
activity and presumably its native tertiary and quaternary
structure. The immobilization procedure should be applicable
for immobilization of a wide variety of soluble proteins.

B ASSOCIATED CONTENT

© Supporting Information

General experimental details in addition to specific synthesis
and protein biochemical protocols followed in this study.
General experimental information is provided in S3—S4. Details
of the cloning and expression studies of His,-GSTase-CVIA are
described in S5—S6. SDS-PAGE analysis of purified GSTase is
described in S6. Prenylation studies of GSTase are described in
§7—S8. Chemical synthesis of L-Az and L-PE and their spectral
data (NMR, HRMS), followed by glass surface activation are
provided in pages S9—S15. Protein immobilization protocol
and assay procedures are provided in pages S17—S19. Specific
activity calculations are provided in pages S19—S20. SDS-
PAGE analysis of GSTase after prenylation from cell-free
homogenates is described in S21—S22. Copies of ESI-MS data
for bioorthogonally prenylated GSTase and copies of 'H, *C
NMR data for small molecule linkers are provided in pages
§23—833. This material is available free of charge via the
Internet at http://pubs.acs.org.
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