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Abstract

S -Adenosyl-L-methionine (SAM) is recognized as an important cofactor in a variety of 

biochemical reactions. As more proteins and pathways that require SAM are discovered, it is 

important to establish a method to quickly identify and characterize SAM binding proteins. The 

affinity of S-adenosyl-L-homocysteine (SAH) for SAM binding proteins was used to design two 

SAH-derived capture compounds (CCs). We demonstrate interactions of the proteins COMT and 

SAHH with SAH–CC with biotin used in conjunction with streptavidin–horseradish peroxidase. 

After demonstrating SAH-dependent photo-crosslinking of the CC to these proteins, we used a CC 

labeled with a fluorescein tag to measure binding affinity via fluorescence anisotropy. We then 

used this approach to show and characterize binding of SAM to the PR domain of PRDM2, a 

lysine methyltransferase with putative tumor suppressor activity. We calculated the Kd values for 

COMT, SAHH, and PRDM2 (24.1 ± 2.2 μM, 6.0 ± 2.9 μM, and 10.06 ± 2.87 μM, respectively) 

and found them to be close to previously established Kd values of other SAM binding proteins. 

Here, we present new methods to discover and characterize SAM and SAH binding proteins using 

fluorescent CCs.
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The cofactor S-adenosyl-L-methionine (SAM)1 is used by SAMdependent 

methyltransferases to perform the same basic function— transfer a methyl group from SAM 

© 2014 Elsevier Inc. All rights reserved.
*Corresponding author. Fax: +49 3063923985. michael.sefkow@caprotec.com (M. Sefkow). 
1Abbreviations used: SAM, S-adenosyl-L-methionine; SAH, S-adenosyl-L-homocysteine; CC, capture compound; M.TaqI, 
modification methylase TaqI; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; FITC, fluorescein 
isothiocyanate; COMT, catechol-O-methyltransferase; SAHH, S-adenosylhomocysteine hydrolase; PRDM2, PR domain zinc finger 
protein 2; DIPEA, diisopropylethylamine; DMF, dimethylformamide; LC–MS, liquid chromatography–mass spectrometry; MPLC, 
medium-pressure liquid chromatography; DMA, dimethylacetamide; HATU, O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium hexafluorophosphate; DCM, dichloromethane; UV, ultraviolet; PBS, phosphate-buffered saline; GST, glutathione 
S-transferase; IPTG, isopropyl β-D-1-thiogalactopyranoside; EDTA, ethylenediaminetetraacetic acid; CBD, chitin binding domain; 
dithiothreitol; HRP, horseradish peroxidase; ECL, enhanced chemiluminescence; ATP, adenosine triphosphate.

NIH Public Access
Author Manuscript
Anal Biochem. Author manuscript; available in PMC 2015 February 03.

Published in final edited form as:
Anal Biochem. 2014 December 15; 467: 14–21. doi:10.1016/j.ab.2014.08.013.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



to a target molecule and produce S-adenosyl-L-homocysteine (SAH) as an end product [1]. 

SAM-dependent methyltransferases are known to mediate epigenetic regulation via DNA 

and histone methylation. The resulting modifications to DNA and histones are strongly 

associated with gene regulation as well as overall chromatin structure [2]. In addition to their 

function for epigenetic regulation, other members of the SAM-dependent methyltransferase 

superfamily have other targets that include non-histone proteins, RNA, and small molecules 

such as catechols, lipids, and sugars. Aside from its role in one-carbon metabolism via 

methylation, SAM is used for a variety of enzymatic reactions such as hydroxylation [3], 

formation of organohalogens [4], polyamine synthesis [5], queosine formation [6], 

cyclopropane fatty acid synthesis [7], and radical chemistry [8–10]. A review by Dalhoff 

and Weinhold highlighted several of these unique reactions [1]. Given the necessity of SAM 

binding proteins in epigenetics, metabolism, and messenger RNA translation among many 

other pathways, it is important to identify and characterize the multiple superfamilies of 

SAM binding proteins.

Capture compound mass spectrometry was recently developed to discover and identify 

binding partners for drug molecules in complex cell lysates [11]. The capture compounds 

(CCs) contain three moieties: a small molecule to specifically interact with the binding 

pocket(s) of a protein, a photoreactive group to form a covalent crosslink, and biotin to 

capture the CC–protein conjugates using streptavidin-coated magnetic beads. Following 

crosslinking and sorting, the CC–protein conjugates were digested and identified by mass 

spectrometry. After this technique was first used to isolate carbonic anhydrase from 

erythrocytes [11], additional compounds were designed to capture cyclic AMP binding 

proteins [12], matrix metalloproteinases [13], and kinases [14].

CCs may be used to circumvent and/or supplement lysate fractionation for functional assays 

to characterize protein binding and activity and may be a viable alternative to radiolabeling. 

Because SAM is unstable in aqueous solution, the ability of SAH to bind to the SAM 

binding pocket of SAM-dependent methyltransferases was exploited to create an SAH-

derived CC. Interactions have been demonstrated between SAH–CC and bacterial 

methyltransferases [15]. Biotin–SAH–CC (Fig. 1) was also used to measure binding affinity. 

In that study, a titration with biotin–SAH–CC was performed to measure the binding affinity 

of modification methylase TaqI (M.TaqI), a bacterial methyltransferase. M.TaqI was photo-

crosslinked with the biotin–SAH–CC under two conditions: increasing concentrations of 

biotin–SAH–CC and increasing concentrations of the competitor SAH with constant biotin–

SAH–CC. The crosslinked M.TaqI was visualized by sodium dodecyl sulfate– 

polyacrylamide gel electrophoresis (SDS–PAGE) and silver staining. The binding constants 

for biotin–SAH–CC and SAH were determined by measuring the amount of crosslinked 

protein as visualized by silver stain. This technique can be used to measure binding 

constants; however, nonspecific crosslinking, inconsistent silver staining, and low 

crosslinking efficiency can lead to significant errors in measurement. To avoid the problems 

due to crosslinking and staining, a technique that measures binding affinity without the 

requirement of crosslinking is needed.

Fluorescence anisotropy measures changes in incident polarized light as a tumbling 

fluorophore binds to a larger molecule. A measurable increase in incident polarized light 
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directly corresponds to the amount of bound fluorophore in equilibrium. Binding constants 

can be calculated from this measurement [16]. Here, we present a technique that uses a 

fluorescein isothiocyanate (FITC)-tagged SAH–CC to measure binding affinity via 

fluorescent anisotropy without crosslinking. The flexibly designed FITC–SAH– CC 

(Scheme 1) contains three moieties like its biotinylated counterpart: SAH to bind to the 

catalytic pocket, a photoactive group to form a covalent crosslink when needed (e.g., 

fluorescence readout of labeled proteins in SDS–PAGE; see Supplemental Fig. 1 in online 

supplementary material), and an FITC derivative for fluorescence detection.

In this study, we present a new methodology using CC technology to examine interactions 

between proteins and SAM without the use of radiolabeled reagents [17].We used an SAH-

derived biotin-tagged CC to evaluate specific labeling of catechol-O-methyltransferase 

(COMT), a known SAM-dependent methyltransferase, and S-adenosylhomocysteine 

hydrolase (SAHH), an SAH binding protein. We also determined Kd values of these proteins 

for FITC– SAH–CC using fluorescence anisotropy. Crosslinking was not needed or used for 

the anisotropy measurements. After verifying the suitability of these small-molecule probes 

for these purposes, we tested the binding interactions and affinity for PR domain zinc finger 

protein 2 (PRDM2), a lysine methyltransferase with an unmapped binding site for SAM/

SAH. These results demonstrate the effective use of the SAH-derived CCs for characterizing 

SAM/SAH binding proteins.

Materials and methods

Synthesis of FITC–SAH–CC

FITC–scaffold—Diisopropylethylamine (DIPEA, 251 μl, 1.5 mmol) was added to a cold 

solution (0 °C) of core amine (194 mg, 293 μmol) [15] and FITC (114 mg, 293 μmol) in 

dimethylformamide (DMF, 5.8 ml) under light protection. After warming up to room 

temperature, the reaction mixture was stirred overnight. Full conversion was determined by 

liquid chromatography–mass spectrometry (LC– MS). After removing the solvent under 

reduced pressure and purification of the residue via basic medium-pressure liquid 

chromatography (MPLC, 0 → 30% MeOH), the product, FITC–scaffold, was obtained in 

72% yield (198 mg, 211 μmol) as an orange amorphous solid.

1H NMR, MeOH-d4 δ: 8.13 (br. d, J = 2.0, 1H, HFlu), 7.95/7.33 (AA′/BB′, J = 8.3, 4H, 

Harom.), 7.77 (dd, J = 1.8, 8.2, 1H, HFlu), 7.14 (br. d, J = 8.3, 1H, HFlu), 6.81 (s, 1H, HFlu), 

6.79 (s, 1H, HFlu), 6.68 (s, 1H, HFlu), 6.67 (s, 1H, HFlu), 6.59 (d, J = 2.4, 1H, HFlu), 6.57 (d, 

J = 2.4, 1H, HFlu), 4.78 (t, J = 6.4, 1H, C(18)-H), 3.72 (br. s, 2H, C(3)H2), 3.63–3.52 (m, 

10H, C(5)H2–C(11)H2), 3.50 (t, J = 6.1, 2H, C(13)H2), 3.29–3.26 (m, 2H, C(15)H2), 2.72 

(dd, J = 3.7, 6.5, 2H, C(1′)H2), 1.93 (quint, 2H, J = 6.3, C(4)H2), 1.74 (quint, 2H, J = 6.4, 

C(14)H2); 13C NMR, MeOH-d4 δ: 182.5 (C(1)), 177.5 (C(2′)), 173.8 (C(17)), 171.6 (CFlu), 

168.4 (C(20)), 164.0, 155.1, 142.5 (3× CFlu), 136.7 (C(24)), 133.2 (C(21)), 130.8 (CFlu), 

129.0 (C(22)), 127.6 (C(23)), 126.5 (CFlu), 123.4 (q, J = 274, C(26)), 115.1, 112.4, 103.6 

(3× CFlu), 71.3 (C(8), C(10)), 71.1 (C(7), C(11)), 70.3 (C(5)), 69.8 (C(13)), 53.2 (C(18)), 

43.6 (C(3)), 39.6 (C(1′)), 38.0 (C(15)), 30.2 (C(14)), 29.9 (C(4)), 29.4 (q, J = 41, C(25)); 

ESI–MS, m/z: 323 (10), 424 (5), 445 (21), 865 (100), 893 (34), 917 (11), 937 (18); exact 

mass, m/z calcd. for C44H43F3N6O12S [M+H]+ 937.26901, found 937.26642.
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Protected FITC–SAH–CC—DIPEA (2 μl, 12 μmol) was added to a solution of FITC–

scaffold (10 mg, 11 μmol) and protected SAH (8 mg, 12 μmol, Caprotec Bioanalytics) [15] 

in dimethylacetamide (DMA, 2.0 ml). After the addition of O-(7-azabenzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU, 5 mg, 12 μmol), the reaction 

mixture was stirred at room temperature under light protection. After 30 min, full conversion 

was detected by LC–MS and the solvent was removed under reduced pressure. Purification 

of the residue was carried out via basic MPLC (0 → 40% MeCN). Pure protected FITC–

SAH–CC was obtained in 54% yield (9 mg, 6 μmol) as orange amorphous solid.

1H NMR, MeOH-d4 δ: 8.24 (s, 1H, HPurin), 8.21 (s, 1H, HPurin), 7.97 (br. s, 1H, HFlu), 

7.94/7.27 (AA′/BB′, J = 8.3, 4H, Harom.), 7.73 (br. d, J = 7.8, 1H, HFlu), 7.19 (d, J = 8.2, 1H, 

HFlu), 7.08 (d, J = 5.0, 1H, HFlu), 7.06 (d, J = 5.1, 1H, HFlu), 6.65 (d, J = 2.3, 1H, HFlu), 6.64 

(d, J = 2.2, 1H, HFlu), 6.60 (m, 2H, HFlu), 6.16 (d, J = 2.4, 1H, C(14′)-H), 5.50 (dd, J = 1.9, 

6.2, 1H, C(15′)-H), 5.07 (dd, J = 2.9, 6.4, 1H, C(16′)-H), 4.87 (m, 1H, C(18)-H), 4.33 (m, 

1H, C(17′)-H), 4.09 (dd, J = 4.7, 9.1, 1H, C(22′)-H), 3.73 (br. s, 2H, C(3)H2), 3.61–3.45 (m, 

12H, C(5)H2–C(11)H2, C(7′)H2), 3.47 (t, J = 6.1, 2H, C(13)H2), 3.30–3.27 (m, 2H, 

C(15)H2), 3.24–3.10 (m, 2H, C(4′)H2), 2.85–2.75 (m, 2H, C(18′)H2), 2.75 (dd, J = 5.7, 14.7, 

1H, C(1′)-Ha), 2.67 (dd, J = 8.0, 14.7, 1H, C(1′)-Hb), 2.58 (m, 1H, C(20′)-Ha), 2.51 (m, 1H, 

C(20′)- Hb), 1.92 (m, 1H, C(21′)-Ha), 1.92 (quint, J = 6.3, 2H, C(4)H2), 1.79 (m, 1H, C(21′)-

Hb), 1.72 (quint, J = 6.4, 2H, C(14)H2), 1.67–1.60 (m, 2H, C(6′)H2), 1.56–1.47 (m, 2H, 

C(5′)H2), 1.59 (s, 3H, iPr), 1.42 (s, 18H, 2× tBu), 1.38 (s, 3H, iPr); 13C NMR, MeOH-d4 δ: 

182.1 (C(1)), 173.3 (C(17)), 172.3 (C(2′)), 168.4 (C(20)), 156.3 (CFlu), 155.4 (CFlu), 154.2 

(CPurin), 141.2 (CPurin), 136.5 (C(24)), 133.3 (C(21)), 132.2 (2× CFlu), 129.4 (C(22), (CFlu)), 

127.6 (C(23)), 124.8 (CFlu), 122.8 (CFlu), 120.1 (CFlu), 115.5 (C(iPr)), 111.9 (CFlu), 103.9 

(2× CFlu), 91.6 (C(14′)), 88.0 (C(17′)), 85.2 (C(15′)), 85.1 (C(16′)), 82.7, 80.5 (2× C(tBu)), 

71.4 (C(8), C(10)), 71.2, 71.1 (C(7), C(11)), 69.9 (C(5), C(13)), 54.6 (C(22′)), 53.0 (C(18)), 

44.1 (C(3)), 38.7 (C(1′)), 41.2 (C(7′)), 40.1 (C(4′)), 38.1 (C(15)), 34.9 (C(18′)), 32.7 

(C(21′)), 30.3 (C(14)), 29.9 (C(4)), 29.5 (C(20′)), 28.7, 28.3 (2× C(tBu)), 27.7 (C(5′), C(6′)), 

27.4, 25.5 (2× C(iPr)); ESI-MS, exact mass, m/z calcd. for C74H90F3N13O18S2 [M+H]+ 

1570.59931, found 1570.60163.

FITC–SAH–CC—The protected FITC–SAH–CC (27 mg, 17 μmol) was dissolved in 

dichloromethane (DCM, 24.0 ml). After the addition of H2O (8μl, 430 μmol), the reaction 

mixture was cooled to −20 °C. A solution of 4 M HCl in dioxane (430 μl, 1.7 mmol) was 

added, and the reaction mixture was stirred overnight at −20 °C. Full conversion was 

detected by LC–MS. The solvent was carefully removed at −20 °C under reduced pressure, 

and triethylamine (1.0 ml) was added to the residue. The base was removed under reduced 

pressure, and the remainder was purified by basic MPLC (10 → 50% MeOH, 20 → 35% 

MeOH, and 25% MeOH). Pure FITC–SAH–CC was obtained in 31% yield (7 mg, 5 μmol) 

as an orange amorphous solid.

1H NMR, DMSO-d6 δ: 9.36 (br. s, 1H, N(2)-H), 8.82 (d, 1H, J = 7.7, N(19)-H), 8.38 (br. s, 

1H, HFlu), 8.35 (s, 1H, HPurin), 8.21 (s, 1H, HPurin), 7.98–7.94 (m, 1H, N(3′)-H), 7.97/7.37 

(AA′/BB′, J = 8.3, 4H, Harom.), 7.92 (t, 1H, J = 5.7, N(16)-H), 7.88 (dd, J = 1.9, 8.3, 1H, 

HFlu), 7.76 (br. s, 1H, N(8′)-H), 7.14 (d, J = 8.3, 1H, HFlu), 6.68 (br. d, J = 2.1, 2H, HFlu), 

6.59 (d, J = 8.6, 2H, HFlu), 6.55 (dd, J = 2.1, 8.6, 2H, HFlu), 5.89 (d, J = 5.7, 1H, C(14′)-H), 
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4.79 (br. s, 1H, C(15′)-H), 4.69 (dd, J = 7.1, 14.6, 1H, C(18)-H), 4.16 (br. t, J = 4.1, 1H, 

C(16′)-H), 4.02 (m, 1H, C(17′)-H), 3.55–3.49 (m, 2H, C(3)H2), 3.48–3.43 (m, 6H, C(8)H2, 

C(9)H2, C(7′)), 3.42–3.33 (m, 7H, C(5)H2, C(7)H2, C(11)H2, C(22′)-H), 3.35–3.31 (m, 2H, 

C(13)H2), 3.10–3.01 (m, 4H, C(15)H2, C(4′)H2), 2.93 (dd, J = 6.0, 13.8, 1H, C(18′)-Ha), 

2.81 (dd, J = 6.9, 13.8, 1H, C(18′)-Hb), 2.64 (t, J = 7.6, 2H, C(20′)H2), 2.60–2.54 (m, 2H, 

C(1′)H2), 2.04 (m, 1H, C(21′)-Ha), 1.86 (m, 1H, C(21′)-Hb), 1.79 (quint, 2H, J = 6.8, 

C(4)H2), 1.58 (quint, 2H, J = 6.7, C(14)H2), 1.57– 1.51 (m, 2H, C(6′)H2), 1.44–1.34 (m, 2H, 

C(5′)H2); 13C NMR, DMSO-d6 δ: 171.4 (C(23′)), 170.6 (C(17)), 169.4 (C(2′)), 168.6 (CFlu), 

164.9 (C(20)), 159.8 (CFlu), 152.0 (CPurin), 148.6 (CPurin), 142.1 (CFlu), 139.9 (CPurin), 135.7 

(C(24)), 133.2 (CFlu), 132.4 (CFlu), 130.3 (C(21)), 129.3 (CFlu), 129.1 (CFlu), 129.0 (CFlu), 

128.7 (C(22)), 126.5 (CFlu), 126.3 (C(23)), 123.7 (CFlu), 120.4 (CFlu), 119.4 (CPurin), 115.8 

(CFlu), 112.4 (CFlu), 102.3 (CFlu), 87.5 (C(14′)), 83.7 (C(17′)), 72.6 (C(15′), C(16′)), 69.7 

(C(8), C(10)), 69.5 (C(7), C(11)), 68.1, 68.0 (C(5), C(13)), 52.9 (C(22)), 51.1 (C(18)), 41.1 

(C(3)), 38.4 (C(4′)), 37.5 (C(1′)), 36.0 (C(15)), 33.7 (C(18′)), 30.4 (C(21′)), 29.4 (C(4)), 

28.6 (C(14)), 27.8 (C(20′)), 26.4 (C(6′)), 25.8 (C(5′)); ESI–MS, m/z: 444 (100), 468 (21), 

519 (349), 541 (68), 578 (42), 648 (32), 732 (60), 779 (24), 833 (40), 872 (22), 956 (45), 

1109 (31), 1301 (82); exact mass, m/z calcd. for C62H70F3N13O16S2 [M+H]+ 1374.45353, 

found 1374.45555. The purity of FITC–SAH–CC was determined to be greater than 99% by 

LC–MS (ultraviolet [UV] 254 nm, 270 nm, and MS–BPI [base peak intensity]) (see 

Supplemental Fig. 2 in supplementary material).

Protein subcloning and purification

COMT—Human-soluble COMT open reading frame (Invitrogen, cat. no. IOH45773) was 

recombined into pDEST-15 (Invitrogen) via LR recombination. Protein expression was 

induced by treating BL21-AI cells with 2% arabinose overnight at 16 °C. After induction, 

the cells were spun at 10,000g for 10 min, washed twice in phosphate-buffered saline (PBS), 

frozen in liquid nitrogen, and stored at −80 °C until protein purification. Frozen pellets of 

induced bacterial culture were thawed on ice in lysis buffer (20 mM Hepes [pH 8.2], 500 

mM NaCl, 2 mM MgCl2, 1mM β-mercaptoethanol, and 0.1% NP-40) supplemented with 

rLysozyme (Novagen) and Benzonase (Sigma). After 30 min of incubation at 4 °C, the 

lysate was sonicated via Branson sonicator (duty cycle 90%, output 5). The lysate was 

centrifuged at 4 °C and 10,000g for 20 min. The protein was purified via glutathione S-

transferase (GST)–agarose (Pierce). After elution in buffer (20 mM Hepes [pH 8.2], 150 

mM NaCl, 2 mM MgCl2, 1mM β-mercaptoethanol, 0.1% NP-40, and 20 mM glutathione), 

buffer exchange via Centricon filtration (Millipore) was performed to remove glutathione. 

The protein was quantified via BCA (bisinchoninic acid) assay (Pierce) and stored at −80 °C 

until use.

SAHH—The human SAHH open reading frame (Invitrogen, cat. no. IOH14308) was 

subcloned into pTXB1 vector (NEB) using NdeI and SapI restriction sites. SAHH was 

expressed in Escherichia coli BL21(DE3) cells and grown at 37 °C, followed by induction 

with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 16 °C for 16 to 20 h before 

harvest. Following bacterial cell lysis by French press in 25 mM Hepes (pH 7.5), 500 mM 

NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM tris(2-carboxyethyl)phosphine, 

and 10% glycerol, SAHH protein was purified according to the standard protocol from the 
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IMPACT (Intein Mediated Purification with an Affinity Chitin-binding Tag) kit (NEB). The 

resin-bound SAHH–intein–CBD (chitin binding domain) fusion protein was washed with 50 

mMHepes, 150 to 500 mMNaCl, and 0.1 mMEDTA (pH 7.5). The purified resin-bound 

SAHH–intein–CBD fusion was then treated with 50 mM dithiothreitol (DTT) in cleavage 

buffer (50 mM Hepes, 150 mM NaCl, and 0.1 mM EDTA, pH 7.5) for 16 h at room 

temperature to release intact SAHH from intein–CBD. Eluted SAHH was dialyzed against 

10 mM K2HPO4 and 1 mM EDTA (pH 7.2). Purified SAHH (>1 mg/ml) was judged to be 

greater than 90% pure by Coomassie stain SDS–PAGE and stored at −80 °C. Tetrameric 

SAHH was purified via high-performance liquid chromatography. SAHH catalytic activity 

was confirmed by 5.5′-dithiobis(2-nitro-benzoic acid (DTNB)-based assay in the S-

adenosylhomocysteine hydrolytic direction as described in Ref. [18].

PRDM2—Due to the problems with solubility of the full-length protein, two fragments of 

PRDM2, residues 2–148 and 3–200, were amplified from a complementary DNA clone 

(Fisher) (forward: 5′-ACGCGCGATCGCCCAGAACACTACTGAGCCTGTG-3′; 148 

reverse: 5′-TGGGGAAGACAACCCTGAGATAGTTTAAACTAAA-3′; 200 reverse: 5′-

GTTTAAACTGCAGAGGTGAAATCTGGCTCACTTGTC-3′) and subcloned into pFN2A 

vector (Promega). Protein expression was induced in BL21(RIL) cells (Agilent) overnight at 

18 °C with 1 mM IPTG (Fermentas). After induction, the cells were spun down and stored at 

−80 °C until protein purification. The protein was purified as described previously [19] and 

stored at −80 °C until use.

Streptavidin–HRP blot

Recombinant proteins were photo-crosslinked using biotin– SAH–CC in their respective 

buffers except PRDM2. The PRDM2 photo-crosslinking reaction buffer contained 20 mM 

Tris (pH 8.0), 400 mM NaCl, and 10 mM EDTA. Competitors were added in 100- fold 

excess to the CC concentration. After 1 h of incubation at 4 °C, the reaction was photo-

crosslinked for 3 min in the caproBox (λmax = 310 nm, Caprotec Bioanalytics). Loading 

buffer (Invitrogen) supplemented with 500 mM DTT was added to the crosslinking reaction, 

and the mixture was then heated to 100 °C for SDS–PAGE. After electrophoresis in a 12% 

Bis–Tris gel (Invitrogen), the proteins were transferred to a nitrocellulose membrane via 

iBlot (Invitrogen). The membrane was incubated with streptavidin–horseradish peroxidase 

(HRP) 1:2000 (Pierce) in Tris-buffered saline with Tween 20 (TBST) protein-free block 

(Pierce). The level of biotinylation was measured using enhanced chemiluminescence (ECL, 

GE Amersham) and a GelDoc camera (Bio-Rad).

Fluorescence anisotropy

FITC–SAH–CC (100 nM) was added to serially diluted protein, and the mixture was 

incubated for 1 h at 4 °C. To avoid errors in measuring binding affinity, the mixture was not 

crosslinked. Anisotropy was measured at room temperature using a POLARstar Omega 

plate reader (BMG Labtech) with excitation at 485 nm and emission at 520 nm. Using 

GraFit 5, the binding constants were calculated from the anisotropy data using the equation 

Fb = (− m[L]/Kd + [L]) + c. For competition, SAM was added in 1000-fold excess with 

respect to the FITC–SAH–CC.
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Computational methods

Docking model—Modeling of COMT (PDB: 3BWM) was performed using Surflex–Dock 

[20].

Protein alignment—Annotated human PRDM proteins (see Supplemental Table 1 in 

supplementary material) were downloaded from UniProt and aligned using the default 

settings in Clustal Omega [21,22]. PRDM2 SET domain (24–148) and functional domain 

(1–200) were included as separate sequences.

Results

Photo-crosslinking of COMT and SAHH

We chose COMT and SAHH to demonstrate specific binding of the SAH-derived 

compounds biotin–SAH–CC [15] (Fig. 1) and FITC–SAH–CC for both photo-crosslinking 

and anisotropy, respectively. Both COMT and SAHH are well-characterized SAM and SAH 

binding proteins. Computer modeling shows the interaction between FITC–SAH–CC and 

the deep SAM binding site of COMT (Fig. 2). Using this model, we predicted that the SAM 

binding site in COMT can interact with the SAH moiety in both CCs. This indicates that the 

CCs could be suitable to demonstrate interactions with the SAM binding site. We incubated 

biotin–SAH–CC with recombinant GST–COMT and SAHH for the streptavidin–HRP blot 

assay. Because SAH and SAM can occupy the same binding site, they were both used to 

compete for binding. Using the biotin– SAH–CC compound, recombinant GST-tagged 

COMT and SAHH were photo-crosslinked and visualized by streptavidin–HRP blot 

followed by ECL (Fig. 3A and B). Excess SAH and SAM caused a reduction of crosslinked 

protein as measured by ECL. In each instance, the addition of adenosine triphosphate (ATP) 

had no significant effect on protein photo-crosslinking. This indicates that SAM and SAH 

are competing with biotin–SAH–CC for the same binding site, and there is no appreciable 

inner filter effect at approximately 1 mM SAH or SAM to inhibit photoactivation of the 

phenylazide group by these competitors. Despite the addition of the specific competitors, a 

measurable amount of biotinylation still occurred, most likely due to nonspecific 

crosslinking between the protein and the phenylazide group. After photo-crosslinking of a 

known methyltransferase and a known SAH binding protein, we then determined whether 

we could measure binding affinity using FITC–SAH–CC.

Fluorescence anisotropy of SAHH and COMT

Increasing concentrations of COMT were titrated against 100 nM FITC–SAH–CC without 

crosslinking because crosslinking prevents the protein–ligand dissociation required to 

accurately measure binding thermodynamics. Binding affinity was measured by 

fluorescence anisotropy. We calculated an average Kd of 24.1 ± 2.2 μM (Fig. 4A), which is 

close to the previously published value of 20.2 μM for SAH [23] (Table 1). The semi-log 

plot shows that the addition of 100 μMSAM decreased the affinity for the fluorescent 

compound 3-fold (Fig. 4B). We performed a similar titration with the tetrameric form of 

SAHH with 100 nM of the fluorescent SAH–CC without crosslinking and measured an 

average Kd of 6.0 ± 2.9 μM (Fig. 5A). Although we used the tetrameric form of SAHH, the 

data were fitted presuming independent binding [24].
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PRDM2 photo-crosslinking and anisotropy

Next, we turned to the SET domain of the SAM-dependent methyltransferase, PRDM2. We 

subcloned a portion of PRDM2 that contained the annotated SET domain (2–148). We were 

unable to measure any interaction between the GST-tagged PRDM2 SET domain and 

biotin–SAH–CC via streptavidin–HRP blot (data not shown). Previous reports stated that PR 

domain proteins are related to SET domain methyltransferases, and this implies that this 

conserved SET domain in PRDM2 is required for activity [25]. However, when we 

examined the sequence homology between PRDM2 and other PR domain-containing 

proteins, we found conserved residues within the PR domain [26] that flank the annotated 

SET domain of PRDM2 (Fig. 6A; see also Supplemental Fig. 4 in supplementary material). 

We subcloned a larger portion of PRDM2 (3– 200) containing these additional conserved 

residues and successfully photo-crosslinked the GST-tagged PRDM2 PR domain using 

biotin–SAH–CC (Fig. 6B). The streptavidin–HRP blot of the GSTtagged PRDM2 PR 

domain was similar to the blots of COMT and SAHH. The addition of ATP did not disrupt 

interactions between the GST-tagged PRDM2 PR domain and biotin–SAH–CC. The 

addition of SAM and SAH inhibited photo-activated crosslinking by biotin– SAH–CC, 

presumably by competing for the same SAM binding site.

Using the buffer conditions for capturing the PRDM2 PR domain, we performed the 

fluorescence anisotropy experiments without crosslinking. As with COMT, PRDM2–PR (3–

200) was titrated against 100 nM FITC–SAH–CC. We measured an average Kd of 10.06 ± 

2.87 μM (Fig. 7).

Discussion

Known SAM and SAH binding proteins

In this study we photo-crosslinked COMT and SAHH using the SAH-derived CC, biotin–

SAH–CC. We also showed that SAM and SAH, but not ATP, can inhibit this interaction. 

With this implication of binding to the SAM/SAH binding site, we measured the binding 

affinity of these binding sites for FITC–SAH–CC via fluorescence anisotropy. In previous 

attempts to measure binding constants, increasing amounts of radiolabeled SAM were UV-

crosslinked to putative methyltransferases [17]. The resulting autoradiograph was used to 

calculate binding affinity. Additional work with the biotinylated CC described a method to 

measure the Kd of M.TaqI for SAH. Although small amounts of protein are used, this 

technique can be subject to technical errors in crosslinking and staining. Like its biotinylated 

counterpart, FITC–SAH–CC can be crosslinked to target proteins (Supplemental Fig. 1). 

However, crosslinking alters protein–ligand interaction, which needs to be taken into 

consideration when calculating binding affinity [15]. As an alternative, we used fluorescence 

anisotropy because this technique allows natural protein–ligand association and dissociation 

needed to accurately measure binding affinity. We performed fluorescence anisotropy using 

FITC–SAH–CC and COMT with increasing amounts of SAM. We found that the anisotropy 

decreased under higher concentrations of SAM, which implies that FITC–SAH–CC is 

binding to the SAM binding site of COMT without crosslinking (Supplemental Fig. 3). We 

calculated a Kd of 24.1 ± 2.2 μM for the SAM-dependent methyltransferase COMT. Our 

measurement is similar to the previously published estimation based on the Km using 
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radiolabeled SAM [23].We calculated a Kd of 6.0 ± 2.9 μM for SAHH. Previous work 

measured a Km of 7.9 μM for SAH hydrolysis [18]. The binding constant we calculated is in 

the range of previous measurements of adenosine and small adenosine analogues that inhibit 

SAHH activity [24,27,28].

Novel SAM and SAH binding proteins

PRDM2 and other PR domain proteins have been grouped with SET domain proteins due to 

amino acid sequence homology [25,29]. It was previously established that PRDM2 has 

methyltransferase activity when truncation mutants of PRDM2 (1–322, 1–200, and 1–161) 

were tested for enzymatic activity. Despite containing the annotated SET domain, the 

smallest fragment of PRDM2 (1–161) did not have methyltransferase activity, whereas the 

larger fragments (1–322 and 1–200) did [30]. When we examined sequence homology 

among PR domain-containing proteins, it was apparent that residues outside of the putative 

SET domain are also conserved (Fig. 6A; see also Supplemental Fig. 4). Previous analysis of 

protein homology between PRDM proteins and SET domain proteins also shows conserved 

residues among PRDM proteins within the annotated SET domain that are absent in known 

SET domain methyltransferases [26]. Our success in crosslinking PRDM2 (3–200) and not 

PRDM2 (1–148) with SAH–CC implies that these conserved residues outside of the 

annotated SET domain may be crucial for folding, stability, and activity for PR domain 

proteins. We also measured affinity of PRDM2 (3–200) by fluorescence anisotropy using 

FITC–SAH–CC (10.06 ± 2.87 μM), which was within the range of binding affinities of other 

characterized methyltransferases for SAM/SAH. Our findings support the idea that the 

PRDM family of methyltransferases may be distinct from SET domain methyltransferases.

In conclusion, we have established a protocol to examine interactions between SAM-

dependent methyltransferases and a SAH binding protein with SAH-derived CCs. The 

crosslinking protocol can be used to quickly determine whether a protein can interact with 

SAM or SAH. With the fluorophore-conjugated CCs, fluorescence anisotropy can be used to 

quickly measure binding affinity without the use of radiolabeled ligands and without 

crosslinking, improving on previous methods that use CC technology. These techniques can 

be used not only to confirm binding to known SAM and SAH binding proteins but also to 

verify and identify novel SAM and SAH binding proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Biotin–SAH–CC with phenylazide moiety used for previous study [15] and the current 

study.
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Fig. 2. 
Computer model of interactions between photoactivated FITC–SAH–CC and COMT. The 

left image shows how the compound fits into the COMT crystal structure. The center image 

shows the compound fitting into the catalytic pocket with the surface removed. The right 

image shows the arrangement of the SAH moiety of the carbene compound without protein.
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Fig. 3. 
Photo-crosslinking of SAM and SAH binding proteins. GST-tagged COMT (A) and 

tetrameric SAHH (B) were photo-crosslinked to biotin–SAH–CC with additions as 

indicated. The top row shows chemiluminescence, and the bottom row shows Ponceau S 

staining as a loading control. The biotin–SAH–CC concentration was 10 μM. The 

concentration of ATP, SAH, and SAM was 1 mM.
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Fig. 4. 
COMT binding curves. GST–COMT was titrated against a constant concentration of 

fluorescent compound. (A) Protein concentration is plotted against normalized anisotropy. 

The averages of two independent experiments done in triplicate are shown. A single site 

binding isotherm was fitted to the data to measure Kd. (B) To show competition, 0.1 mM 

SAM was added to serially diluted COMT. The fluorescent probe was added afterward. (C) 

FITC–SAH–CC (100 nM) was added to COMT (5 μM) in the presence of increasing 

amounts of SAM. Anisotropy was measured after 1 h of incubation at room temperature.

Brown et al. Page 15

Anal Biochem. Author manuscript; available in PMC 2015 February 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. 
SAHH binding curves. SAHH was titrated against a constant concentration of fluorescent 

compound. Protein concentration is plotted against normalized anisotropy. The graph shows 

averages of two independent experiments done in triplicate. The concentrations correspond 

to the binding site concentration, not the tetramer concentration (see Materials and 

methods).
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Fig. 6. 
(A) PRDM catalytic domain and PRDM2 (3–200) capture. The domain associated with 

methyltransferase activity is in purple. The annotated SET domain is highlighted in yellow. 

The additional conserved residues are in red. (B) Crosslinking of PRDM2 (residues 3–200). 

The top row shows chemiluminescence, and the bottom row shows Ponceau S staining as a 

loading control. The biotin–SAH–CC concentration was 10 μM. The concentration of ATP, 

SAH, and SAM was 1 mM. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.)
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Fig. 7. 
PRDM2 binding curves. GST–PRDM2 (3–200) was titrated against a constant concentration 

of fluorescent compound. Protein concentration is plotted against normalized anisotropy. 

The averages of two independent experiments done in triplicate are shown. A single site 

binding isotherm was fitted to the data.
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Scheme 1. 
Synthesis of FITC–SAH–CC from published core amine [15].
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Table 1

Binding constants measured by fluorescence anisotropy and comparison with previous measurements.

Protein Anisotropy Kd (μM) Previous measurement

COMT 24.1 ± 2.2 20.2 [23]

SAHH 6.0 ± 2.9 N/A

PRDM2 10.06 ± 2.87 N/A
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