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Abstract

Hedgehog (Hh) precursor proteins contain an autoprocessing domain called HhC whose native 

function is protein cleavage and C-terminal glycine sterylation. The transformation catalyzed by 

HhC occurs in cis from a precursor protein and exhibits wide tolerance toward both sterol and 

protein substrates. Here, we repurpose HhC as a 1:1 protein−nucleic acid ligase, with the sterol 

serving as a molecular linker. A procedure is described for preparing HhC-active sterylated DNA, 

called steramers, using aqueous compatible chemistry and commercial reagents. Steramers have 

KM values of 7−11 μM and reaction t1/2 values of ∼10 min. Modularity of the HhC/steramer 

method is demonstrated using four different proteins along with structured and unstructured 

sterylated nucleic acids. The resulting protein−DNA conjugates retain the native solution 

properties and biochemical function. Unlike self-tagging domains, HhC does not remain fused to 

the conjugate; rather, enzymatic activity is mechanistically coupled to conjugate release. That 

unique feature of HhC, coupled with efficient kinetics and substrate tolerance, may ease access 

and open new applications for these suprabiological chimeras.
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General methods to prepare chimeric protein nucleic acids (ProNAcs) have been sought for 

various applications, from probing immune system function to editing genetic information.
1–5 However, without a broadly tolerant enzyme for this ligation, no general technique has 

emerged. Early protocols to join the two entities made use of spontaneous coupling 

chemistry involving side chain functional groups of cysteine and lysine residues. Disulfide 

bonding, for example, linked antibody to oligonucleotide for ultrasensitive bioanalytical 

detection.6 This and other pioneering studies brought attention to the potential for 

synergistic function with protein and nucleic acid in the conjugate state.7 However, 

inefficiencies of spontaneous coupling and limited regiospecificity presented obstacles to 

downstream applications. Chemical approaches have continued to evolve,8–10 and at the 

same time interest has grown in alternatives like biocatalysis.1,11–21

Here we report a new approach for protein−DNA conjugation that takes advantage of a 

promiscuous autoprocessing domain HhC/Hog, hereafter referred to as HhC, found in the 

hedgehog family of proteins. The native activity of HhC (25 kDa) is protein C-terminal 

glycine sterylation.22 As depicted in Figure 1, the reaction occurs in cis, starting with HhC, 

and its protein substrate, the hedgehog ligand (HhN), joined in a single polypeptide. 

Sterylation takes place at the protein substrate/HhC junction through an acyl relay analogous 

to self-splicing inteins. The reaction is complete when HhC is displaced by a sterol 

molecule.23 Thus, substrate sterylation and cleavage from HhC are mechanistically coupled.

The transformation can be reconstituted in vitro using a simple buffer/detergent system 

without accessory proteins or energy source; all catalytic activity is encoded in HhC.23,24

We and others have found that HhC maintains activity toward analogs of cholesterol25–28 

and toward proteins unrelated to its natural substrate as long as the substrate protein’s C-

terminal residue is glycine.24,29 We sought to harness that promiscuity with sterylated 

oligonucleotides, which we call steramers. In steramers, the aliphatic side chain of 

cholesterol is replaced by PEGylated single-stranded DNA. Substantial differences in 

polarity, molecular weight, and solubility notwithstanding, HhC accepts these hybrid 

molecules as efficient substrates, generating site-specific, 1:1, ProNAcs. Because HhC is an 

enzymatic agent, the overall transformation is nearly traceless.

RESULTS AND DISCUSSION

In our ongoing screening of sterols as alternative HhC substrates,27,28,30 we were intrigued 

by the robust activity and the potential utility of pregnenolone, a naturally occurring 21 

carbon sterol with a ketone group at carbon 20 (Figure 2A). Steady state kinetic analysis 
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indicated that the maximum rate of reaction of pregnenolone is within measurement error of 

the cholesterol rate, and exhibits reasonable affinity (KM) of 11 μM, compared with 

cholesterol’s KM of 1 μM. In addition, we noted chemical bifunctionality in the 

pregnenolone structure: the 3-β hydroxyl group and steroid skeleton provide critical 

elements for HhC recognition, while the ketone group offers a site for chemical elaboration. 

Ketone groups react with alkoxy amines to form oximes through aqueous compatible 

chemistry used widely in bioconjugation.31–33 From these considerations, we hypothesized 

that pregnenolone might be exploited as a molecular linker for synthetic HhC catalyzed 

conjugations. With a specific view toward ProNAc biocatalysis, we pursued the idea of using 

pregnenolone to create sterol-nucleic acids. These so-called steramers were designed with a 

bis-alkoxyamine PEG3 moiety as a spacer to join the ketone group of pregnenolone to 

aldehyde-modified oligonucleotide. All reagents were available commercially, including bis-

alkoxyamine PEG3, and adding a single aldehyde moiety to oligonucleotides is considered a 

standard modification.34

We first established substrate activity of pregnenolone mono-oximes by generating adducts 

of pregnenolone with methoxyamine and bis-alkoxyamine PEG3 (Figure 2B). Compounds I 
and II, respectively, were prepared in one step and >80% yield in 9/1 methanol/

triethylammonium acetate (TEAA), pH 7, at room temperature. NMR studies confirmed 

their hydrolytic stability, with t1/2 of ∼40 h for oxime hydrolysis at 23 °C, pH 7 (Supporting 

Information).32 Steady state substrate kinetics of HhC toward I and II were determined by a 

continuous assay using a FRET-active construct, C−H−Y, where Cyan and Yellow 

fluorescent proteins flank HhC.24 Catalytic turnover separates H−Y from the C-sterol so that 

initial rates of FRET loss report HhC activity (Figure 2C). Pregnenolone oximes I and II 
were found to react at rates approximating those of unmodified pregnenolone (Table 1). 

Observed KM values were in the low micromolar range, and under saturating sterol 

concentration (50 μM), the t1/2 for conjugations was ∼10 min. To corroborate those results, 

we carried out HhC reactions using a precursor protein whose activity was monitored by 

SDS-PAGE.35 In this construct of SHhN-DHhC, DHhC is the HhC from Drosophila 
hedgehog, the same fragment used in C−H−Y, while SHhN is the Sonic Hh signaling protein 

from human. SHhN-DHhC (45 kDa) is autoprocessed into DHhC (25 kDa) and the 

respective SHhN−sterol conjugate (≥20 kDa). As judged by SDS-PAGE, reactions with 

SHhN-DHhC proceeded to near-completion with natural and synthetic sterols in accord with 

the FRET assay (vide infra and Supporting Information).

We next assembled prototype steramers by oxime coupling II to commercial, 5′-
benzaldehyde modified single stranded, deoxythymidine oligonucleotides of 10, 20, and 30 

nucleotides (Figure 2D). Oxime formation was carried out as illustrated above, at room 

temperature in 9:1, methanol/TEAA buffer. Following 16 h incubation, oligonucleotide 

sterylation was assessed with RP-HPLC by comparing elution peaks of unsterylated and 

sterylated oligonucleotide. Sterylation extended the oligonucleotide retention time by >10 

min. Results consistently showed >90% conversion of oligonucleotide to steramer (Figure 

2E). Excess II was then removed by n-butanol extraction.36 After lyophilization to remove 

residual n-butanol, steramers readily dissolved in Tris-EDTA (TE) buffer.
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Manifesting promiscuity, HhC readily accepted prototype steramers, S-dT10, S-dT20, and S-

dT30 as alternative substrates for ProNAc biocatalysis. We assessed substrate activity of the 

steramers first by using SDS-PAGE which allowed direct detection of precursor 

consumption and conjugate formation. In addition to SHhN-DHhC used above, we explored 

reaction scope with a second precursor, T4Lysozyme-DHhC, comprising substrate protein 

unrelated to Hh. In the SDS-PAGE of Figure 3A, following control reactions (lanes 1−3), 

samples in the final three lanes show precursor protein conjugations with S-dT10, S-dT20, 

and S-dT30 (bands highlighted with red stars). Comparing the results from two different 

precursor proteins, we noted the following: first, for both native and heterologous HhC 

precursors, the extents of conjugation with substrate cholesterol, II, and the three steramers 

were similar, suggesting substrate modularity and compatibility with the steramer’s 

unnatural polyanionic tail of appended oligonucleotide; second, the apparent molecular 

weight of the conjugates is consistent with 1:1, stoichiometric ProNAcs; last, the ProNAc 

oxime linkages appeared stable as indicated by their integrity during SDS-PAGE, which 

included heat denaturation (95 °C, 2 min).

With substrate activity and conjugate stability established, we determined catalytic constants 

using the FRET assay. Steramers S-dT10 and S-dT30 were added to C−H−Y at 10 different 

concentrations, ranging from 58 to 0.11 μM. Initial rates of reaction measured by FRET 

signal loss were plotted as a function of steramer concentration and showed saturation 

behavior, allowing determination of KM value (Figure 3B, upper). At the highest steramer 

concentration, the progress curves conformed to a first order exponential decay, where the 

derived rate constant is kmax (Figure 3B, lower, and Table 1). Kinetic values for the 

steramers were in agreement with those of pregnenolone, with nearly identical kmax values 

and KM values (Table 1). Together, these results demonstrated catalytic efficiency with 

composite sterol-ssDNAs as alternative substrates for HhC biocatalysis and encouraged 

further exploration.

Steramers containing DNA with secondary structure also proved to be suitable substrates for 

HhC biocatalysis. Our prototype steramers, with varying tracks of deoxythymidine, are 

expected to have simple, elongated structures. Oligonucleotides with higher order structure, 

i.e., Watson−Crick hydrogen bonding interactions, offer a broader array of functionality. We 

therefore investigated the compatibility of a hairpin forming (Tm = 60 °C), 39-mer DNA 

oligonucleotide.37 As above, we purchased this ssDNA oligonucleotide with a 5′-
benzaldehyde modification, then through oxime formation, coupled it to II, yielding 

steramer, S-dHP39. We tested S-dHP39 as a substrate for ProNAc generation using the 

FRET-active precursor, C−H−Y. The added structural complexity of S-dHP39 showed only a 

modest effect on the maximum rate, slower by ∼2-fold, and slight weakening of ground state 

binding (<1.5-fold) in comparison with the deoxythymidine steramers (Table 1). Using an 

initial steramer concentration of 50 μM, the reaction appeared complete after 30 min (Figure 

4A). Michaelis−Menten plot of initial rates versus steramer concentration also appeared 

normal (Figure 4B). We conclude that the oligonucleotide component of the steramer has 

minimal interaction with HhC during biocatalysis. As above, we also confirmed ProNAc 

generation by separating product mixtures by SDS-PAGE. Here, gels were stained first with 

GelRed, a DNA dye, then by Coomassie blue for total protein (Figure 4C, top and bottom). 
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While Coomassie blue staining proved relatively weak, the ProNAc, CFP:S-dHP39, gave a 

clear signal with the DNA stain. The apparent molecular weight of CFP:S-dHP39 based on 

gel mobility was again consistent with 1:1 protein-to-DNA. This finding suggests that 

structured and unstructured DNA alike could serve almost interchangeably as substrates for 

HhC biocatalysis.

Last, we examined whether native function and solution properties of the ProNAc were 

retained post-conjugation. To test the possibility that steramer attachment could confer 

undesired effects, such as aggregate formation and compromised solubility,38,39 we prepared 

HhC precursor where the protein substrate is the monomeric enzyme, nanoluciferase (Nluc).
35 C-terminally His6-tagged Nluc-DHhC precursor was overexpressed and purified from E. 
coli, and then ProNAcs were generated using S-dT10 and S-dT30 (Figure 5A). Conjugation 

was again successful and the resulting reaction mixtures with Nluc:S-dT10 and Nluc:S-dT30 

were passed over a Ni-NTA column to remove unreacted His-tagged precursor and product 

His-tagged DHhC, and then separated by size exclusion chromatography (SEC). Sterylated 

oligonucleotide and corresponding nonsterylated oligonucleotide produced nearly identical 

chromatograms on SEC, differing only by 0.2 min,40 indicating that steramers were 

aggregation resistant. Accordingly, traces for separation of Nluc:S-dT10 were consistent with 

monomeric conjugate (Figure 5B, middle chromatogram) as were NLuc:S-dT30 (Figure 5B, 

bottom chromatogram). In these chromatograms, the only other peak present was excess 

steramer, which is not removed by Ni-NTA chromatography (Figure 5B, black triangles). 

Following SEC separation, enzymatic activity of unmodified nanoluciferase and steramer 

conjugated nanoluciferase were determined (Figure 5B, right). Luminescence readings were 

within 10%, indicating that enzymatic activity in the ProNAc state was unaltered. In 

summary, ProNAcs generated by HhC using steramers exhibited native solution properties 

and native function.

CONCLUSIONS

In this work, we introduced a biocatalytic approach to 1:1 protein nucleic acid conjugates 

(ProNAcs) that combines a promiscuous enzymatic agent, HhC, with hybrid substrates, 

called steramers. Modularity was verified using four unrelated substrate proteins—

nanoluciferase, T4 lysozyme, cyan fluorescent protein, and the native hedgehog substrate 

protein—and steramers comprising unstructured and structured ssDNA, ranging in length 

from 10 to 39 nucleotides. Our preliminary experiments suggest that compatibility extends 

to steramers of structured RNA.41 The catalytic element, HhC, has a relatively strong 

affinity (low KM value) for sterol molecules, and our kinetic studies indicate that binding 

strength and reaction velocity were maintained toward steramers. Because HhC and its 

substrate are part of the same polypeptide (precursor), ProNAc conjugations are two 

component events that can be driven with steramer at 20−50 μM and nanomolar HhC 

precursor protein. Chemi-enzymatic techniques, like expressed protein ligation, require a 

“label” molecule concentration in the millimolar range. Unlike conventional self-tagging 

domains, HhC splits off from the ProNAc conjugate, and thus foreign tag elements are 

minimized to a single C-terminal glycine residue and sterol linker, the smallest “scar” that 

we know of for biocatalytic conjugations. Consistent with this feature, we observed similar 

biochemical properties of steramer-conjugated and steramer-free protein. Thus, the present 
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approach offers an efficient means to functional, nearly tag-free ProNAc for applications to 

either fundamental studies or biotechnology. Future iterations could involve biorthogonal 

sterol linkers with complementary HhC variants for in vivo ProNAc synthesis in plant and 

animal cells.

Nonetheless, the ProNAc ligase activity of HhC carries limitations in its present form. 

Conjugation is restricted to the target protein’s C-terminus, and this could be inconsistent 

with function or ProNAc application in the absence of suitable means to reposition the N 

and C terminal residues, such as circular permutation. Second, the oxime bonds of the 

steramer are reversible; under dilute conditions, over extended incubation, these bonds will 

hydrolyze. In addition, the sterol linker of the ProNAc that tethers protein to nucleic acid is 

hydrophobic, a property that could conceivably interfere with activity by promoting 

unintended interactions, although we did not observe this pitfall here. An ideal ProNAc 

ligase brings about direct, regiospecific coupling of protein to nucleic acid, without an 

intervening self-tagging domain, foreign recognition sequence, unnatural amino acid, or 

engineered substrate element.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

RP-HPLC Reverse Phase High Performance Liquid Chromatography

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Electrophoresis

SEC Size Exclusion Chromatography

FRET Forster Resonance Energy Transfer

Nluc nanoluciferase

PEG polyethylene glycol

ProNAc protein nucleic acid

HhC Hedgehog C-terminal domain

KM concentration of substrate required to achieve 1/2 maximum initial 

reaction rate

kmax maximum first order rate of reaction
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(41). Zhang X, and Callahan BP Unpublished.
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Figure 1. 
Autoprocessing activity of native and repurposed hedgehog domain, HhC. Precursor 

polypeptide is composed of substrate protein (blue) and HhC (green). Following peptide 

rearrangement at a conserved Gly-Cys to form an internal thioester intermediate, step 1, the 

two fragments split apart in step 2 through displacement by cholesterol in the native 

transformation, or by sterylated nucleic acid described herein. All catalytic activity resides in 

HhC.
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Figure 2. 
Components for protein nucleic acid conjugation using HhC biocatalysis. (A) Pregnenolone, 

a bifunctional sterol. (B) Oxime formation: condensation of pregnenolone and 

alkoxyamines. (C) FRET assay for HhC activity: optical reporter monitors HhC sterylation 

activity by loss of FRET from precursor, C−H−Y. (D) Steramers: sterylation of 

benzaldehyde modified nucleic acid using oxime bond chemistry. (E) Separation of steramer 

from starting oligonucleotide by RP-HPLC.
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Figure 3. 
Protein nucleic acid (ProNAc) conjugation catalyzed by HhC using substrate steramers. (A) 

Gel based validation of 1:1 ProNAc synthesis. Reactions of native-like hedgehog precursor, 

SHhN-DHhC, and heterologous precursor, T4Lysozyme-DHhC, at 2 μM following 

incubation in buffer control (NS, no sterol), and substrates: cholesterol (chol, C), II, 

steramers, present at initial concentration of 50 μM. Molecular weights of the conjugates 

(red asterisks): SHhN:S-dT10, 23.3 kDa; SHhN:S-dT20, 26.7 kDa SHhN:S-dT30, 29.4 kDa; 

T4Lysozyme:S-dT10, 22.8 kDa; T4Lysozyme:S-dT20, 26.1 kDa; T4Lysozyme:S-dT30, 29.4 

kDa. Product DHhC is marked with a green triangle. Percent precursor consumed, %PC. (B) 

Conjugation kinetics from FRET assay using C−H−Y precursor. Michaelis−Menten plot 

(upper) and representative kinetic trace (lower). Lower plot shows reaction using 50 μM 

substrate and 0.1 μM C−H−Y.
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Figure 4. 
ProNAc conjugation catalyzed by HhC using hairpin-forming steramer, S-dHP39. (A) 

Kinetic analysis: activity of C−H−Y toward S-dHP39 at the indicated concentrations, 

monitored by loss of FRET. (B) Michaelis−Menten: initial rate of reaction using FRET 

assay plotted as a function of increasing S-dHP39. (C) Gel validation of ProNAc formation: 

reactions of C−H−Y in buffer only (NS), and decreasing concentrations of S-dHP39. 

ProNAcs were detected using the DNA stain, GelRed (upper); total protein was visualized 

with Coomassie blue dye (lower). Calculated molecular weight of conjugate, CFP:S-dHP39 

is 38.8 kDa. Percent precursor consumed, %PC.

Zhang et al. Page 13

Bioconjug Chem. Author manuscript; available in PMC 2020 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Retention of monodispersity and function following steramer conjugation. (A) 

Autoprocessing of nanoluciferase (Nluc) precursor, Nluc-DHhC. (B) Solution properties and 

enzymatic activity of native and steramer conjugated Nluc. Unmodified enzyme (top) and 

ProNAc conjugates of Nluc (asterisk) were separated by size exclusion chromatography 

(left), then analyzed for enzymatic activity (right). Black triangles in chromatogram indicate 

excess steramer.
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Table 1.

Kinetic Parameters of Sterol and Steramer Substrates for Protein−DNA Conjugation Catalyzed by HhC

substrate kmax(s−1) (×10−3) t1/2(min) Km (μM) relative proficiency

cholesterol 1.6 7.4 0.70

pregnenolone 1.6 7.3 11 1

preg-methoxime (I) 2.8 4.2 5.3 3.6

II 1.2 9.3 3.0 2.8

S-dT10 1.8 6.4 9.2 1.3

S-dT30 2.0 5.8 7.1 1.9

S-dT39 1.1 11 11 0.7
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