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Abstract

Natural product discovery arises through a unique interplay between chromatographic purification 

and biological assays. Currently, most techniques used for natural product purification deliver 

leads without a defined biological action. We now describe a technique, referred to herein as 

functional chromatography, that deploys biological affinity as the matrix for compound isolation.

To date, a large portion of natural product discovery has focused its first step on purifying 

materials based on their affinity to silica gel. While not the target of the discovery program, 

silica gel and related supports are often the primary tool for discovery efforts with methods 

including flash chromatography,1 vacuum dry column chromatography,2 and ultra-high 

performance liquid chromatography (UPLC)3 leading the effort. As outlined in Fig. 1a, this 

approach occurs without an input from a targeted biological response. While secondary 

assays can often support this effort through bioactivity guidance,4 the outcome of this 

approach often becomes restricted by bottlenecks such as target identification or associated 

mode of action (MOA) validation efforts (orange shaded region of Fig. 1a).

Alternatively, one can reverse this process by adapting a biological target as the vector for 

purification. Here the biological function is used as the tool to lead the purification scheme 

(Fig. 1b). This so called ‘functional chromatography’ approach offers several key 

advantages that are not available by conventional methods such as flash chromatography 

(Fig. 1a). We now report on the development of a practical protocol for using functional 
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chromatography to isolate compounds based on their affinity to recombinantly-expressed 

and purified target proteins.

Over recent years, we have examined the use of reverse affinity strategies as a tool to 

expedite mode of action studies.5 In these efforts whole or fractionated proteomes presented 

on resin were used as tools to identify lead molecules in concert with their molecular targets. 

Perhaps, the first example in target-guided purification was reported by Corti and Cassani in 

1985,6 and further developed by teams at Smith, Kline and French Laboratories.7 From their 

studies, agarose linked-D-Ala-D-Ala resins have become a common tool for the purification 

of glycopeptide antibiotics such as vancomycin.8 Given the success of this work, we 

wondered if simple extension to full length purified proteins would provide a logical next 

step. To this end, we developed functional chromatography by using protein-loaded resins as 

a tool to isolate small molecules.9

After evaluation, we were able to generate a process that required five-steps over two stages. 

As shown in Fig. 2, the first stage (Steps 1–2) involved the preparation of protein-coated 

resins, a process that has been well defined for agarose (i.e. Affi-Gel) and PEGA resins.10 

The latter stage (Steps 3–5) applied these resins for purification by the sequential 

presentation of an extract or crude compound mixture (Step 3), washing and removal of 

unbound ligands (Step 4), and isolation of the bound ligands by eluting with organic 

solvents (Step 5).

For the first stage, we applied a combination of parallel analyses for protein loading (Fig. 3a 

and b) and protein activity (Fig. 3c and d) to guide the selection of resin and associated 

media. Shown in Fig. 3 are three proteins that were investigated in the present study: p97 

(also known as valosin containing protein (VCP) or cdc48),11 His6-p97, and His6-HSC70.12 

In addition to these we also investigated HSPA1A13 and commercially available malate 

dehydrogenase (MDH)14 (ESI†). We selected these proteins due to our interest in the 

kinetics of loading using oligomeric proteins (p97, Fig. 3b and MDH, ESI†) or monomeric 

proteins (HSC70, Fig. 3b and HSPA1A, ESI†) and effects of changes to the N-termini (His6-

p97 and p97, Fig. 3b). We were also interested in how these parameters might affect 

biochemical function in a number of contexts including oligomeric assembly (p975d), 

cofactor function (p97;5d HSC70, Fig. 3d; and HSPA1A, ESI†), and a multi-reactant, 

dimeric enzyme (MDH, ESI†). The kinetics of loading were largely independent of protein 

identification, but for reasons yet unclear the biochemical function of HSPA1A was 

compromised when loaded on either Affi-Gel 10 or Affi-Gel 15 (data not shown).

As illustrated in Fig. 3, both HSC70 and p97 were effectively coupled and active when 

loaded on Affi-Gel 10 or Affi-Gel 15. During these investigations, we did find slight 

differences in rates and activity as a function of conditions or resin used. For instance, p97 

did not couple efficiently to Affi-Gel 10 and the optimal coupling conditions (Affi-Gel 15 in 

20 mM HEPES pH 8.0, 150 mM KCl, 1 mM MgCl2, 2 mM BME), were slightly different 

than for the other proteins: HSC70 (Affi-Gel 10 in 20 mM HEPES pH 7.4, 150 mM KCl, 1 

†Electronic supplementary information (ESI) available: Methods, procedures as well as copies of spectroscopic data for 1 and 2. See 
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mM MgCl2, 2 mM BME), HSPA1A (Affi-Gel 15 in 20 mM HEPES pH 7.4, 150 mM KCl, 1 

mM MgCl2, 2 mM BME), and MDH (Affi-Gel 15 in 20 mM HEPES pH 7.4, 150 mM KCl, 

1 mM MgCl2, 2 mM BME), as described in Fig. S1, ESI.† Except for the p97-Affi-Gel 10 

resin, these differences were modest and do not seem to present a major impediment to the 

technology. To verify uncompromised function of the resin bound proteins, we used an 

ATPase assay (p97;5d HSPA1A, ESI,† and HSC70, Fig. 3d) or NADH reduction of 

ketomalonic acid (MDH; ESI†). We also were able to use an ATPase assay to evaluate the 

proteins temporal stability on resin and found that in the case of p97, activity was lost only 

after ~9 days at 4 °C (Fig. S2, ESI†), indicating that our resins would remain active within 

the 6–12 h experimental period.

We then evaluated these resins to identify protein selective binders (Steps 3–5, Fig. 2). First, 

we standardized our p97 resins using the commercial inhibitor DBeQ.15 We were 

consistently able to use 50 μL of resin bearing 5 mg mL−1 of p97 (theoretically capable of 

isolating 956 ng of DBeQ) to return ~952 ng of DBeQ from 500 μL of a 10 μM solution of 

DBeQ in buffer (20 mM HEPES pH 7.4, 150 mM KCl, 1 mM MgCl2, 2 mM BME), 

indicating that nearly all of p97 remained functional for ligand isolation. Based on this, we 

calibrated our experiments to 200 μL of resin (theoretical maximum yield of 1.12 mg of 

ligand), an application that was at least 3000 fold larger than the detection limit of our 

HPLC-MS analysis (based on the HPLC-MS limits for DBeQ).

Using this information, we set out to examine application of this technique to an extract 

derived from the fungus, Lecythophora sp. (Fig. 4a).16 We incubated 200 μL of a 2 mg 

mL−1 solution of extract in buffer (20 mM HEPES pH 7.4, 150 mM KCl, 1 mM MgCl2, 2 

mM BME) with 200 μL of p97 resin for 12 h at 4 °C (Step 3, Fig. 2). After this period, the 

resin was developed using the procedures in Steps 4–5, Fig. 2 (protocol provided in the 

ESI†). The resulting bound fraction was dried and evaluated by HPLC analysis. As 

illustrated in Fig. 4b, incubating p97 returned two peaks at 25.1 min and 26.8 min, referred 

to as compounds 1 and 2, respectively.

We then examined the resins bearing HSC70. As shown in Fig. 4c, we observed peaks that 

corresponded to the isolation of 1 and 2 but also contained a third, minor, peak at 32.2 min 

that was not observed in experiments with the p97 resin. As a means of control, we applied 

the same procedure in parallel using FtsZ, a bacterial equivalent to actin,17 and bovine 

serum albumin (BSA), a protein with high affinity to small molecules.18 As depicted in Fig. 

4d and e, HPLC/MS analysis indicated that application of the FtsZ and BSA resin under 

identical conditions returned three compounds with retention times at 25.2, 26.9 and 27.5 

min, which corresponded to the major components within the extract (Fig. 4a). While the 

p97 resin (Fig. 4b) displayed selective isolation of 1 and 2, FtsZ (Fig. 4d) and BSA (Fig. 4e) 

lacked this selectivity. While the data indicate that 1 and 2 display a general lack in protein 

selectivity, as indicated by their isolation by all four protein resins, only the p97 resin 

delivered pure 1 and 2, without other components of the extract, therein demonstrating the 

applicability of functional chromatography.

We then turned to conventional isolation methods to obtain compounds 1 and 2 from the 

Lecythophora sp. extract (ESI†) for their activity validation and structure elucidation 
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efforts.16 Excitingly, we determined that purified samples of 2 displayed modest p97 

ATPase inhibition (IC50 value of 31.2 ± 3.0 μM), but 1 showed no inhibition. This 

difference in activity was also observed in cellular assays using the p97 reporter constructs 

UbG76VGFP (Fig. S3, ESI†) and TCRα-GFP (Fig. S4, ESI†).

We then turned to spectroscopic methods to elucidate the structures of 1 and 2. Comparison 

of spectroscopic (MS, 1H and 13C NMR) data19 with those reported suggested that 1 and 2 
may be identical with oxaspirol C and oxaspirol B, respectively. However, the isolation and 

the planar structures of these have exclusively appeared in the Japanese patent literature with 

incomplete and unassigned NMR spectroscopic data and meagre information on details of 

their structure elucidation. We have therefore acquired 2D NMR (COSY, HSQC, HMBC, 

and ROESY) data for 1 (Fig. S5–S10, ESI†) and 2 (Fig. S11–S17, ESI†) interpretation of 

which allowed us to assign all their 1H and 13C NMR data and their relative stereochemistry 

(Fig. 5). As reported before,19 oxaspirol B (2) was encountered as an inseparable mixture of 

two isomers and our ROESY data suggested that they are epimeric at the spiro-carbon (C-5).

Oxaspirols belong to a rare class of natural products, represented thus far by oxaspirols A–C 

encountered in the fungus, Rhodotorula glutinis, and reported to have weak antibacterial 

activity.19,20 It is intriguing that the resin-bound p97 was able to retain both oxaspirol B (2) 

and C (1), but only 2 was capable of inhibiting p97 activity. This prompted us to 

hypothesize that structural features common to both 1 and 2 are responsible for their binding 

to p97 but the Michael-acceptor enone moiety present in 2 may be essential for its p97 

inhibitory activity.

Conclusions

Here, we describe a procedure, called functional chromatography21 that offers a cost-

effective means to purify compounds based on their binding to a recombinantly-expressed 

and purified protein. Given structural genomics fueled advances in rapid cloning and 

expression of proteins on large scales, we believe this protocol offers an efficient tool to 

rapidly address small molecule libraries (either natural product extracts or mixtures of 

synthetically prepared materials) for novel protein binders.

We now find that functional chromatography offers a practical parallel tool to identify 

protein binding and more importantly protein specificity. As illustrated by the example in 

Fig. 4, this method is not a replacement for conventional silica gel based chromatography. 

Rather, this tool provides a parallel use by allowing a user to rapidly identify ligands to a 

protein of their interest and hence the term functional chromatography. As shown by 

comparing the traces in Fig. 4b to Fig. 4a, compounds 1 and 2 were isolated from an extract 

in one step by their binding to p97. While not selective to p97 as illustrated by the traces in 

Fig. 4c and e, this study demonstrates how one can rapidly interrogate an extract using resin-

bound proteins to identify ligands with differing degrees of selectivity.

In this study, this method is capable of finding materials that are not required to alter an 

established catalytic site. Both 1 and 2 were discovered in the same extract using the p97-

resin, however, only compound 2 showed biochemical activity against p97 ATPase activity 
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(Fig. S3, ESI†) and in cellular studies (Fig. S4, ESI†). While compound 1 bound to p97, it 

targeted a site that did not alter the ATPase activity of p97. We are presently investigating 

the mode of binding of oxaspirols B (2) and C (1) and structure–activity relationships of 2 
with the aim of enhancing p97 inhibitory activity with compound 2.

Given the low cost and practical efficacy, we envision that this functional chromatographic 

method22 will have utility for lead discovery in general with immediate applications to 

natural products programs,22 high-content screening programs,23 or related fragment-

based24 or natural-product like25 discovery initiatives. We also see that this tool could be 

fused directly inline with the steps of these procedures such as natural product isolation or 

synthetic efforts associated with optimizing small molecule libraries or fragments.

We dedicate this manuscript to the impact that Flash Chromatography published over 35 

years ago by W. Clark Still and his team at Columbia University. We thank Abimael 

Rodriguez (University of Puerto Rico, Rio Piedas), Martin Lear (Tohoku University), and 

Phil Crews (UC Santa Cruz) for suggestions during the development of this method. This 

work was supported by a grant (RO1 ES023875) from the National Institute of 

Environmental Health Sciences (E.C.), a grant (R01 CA90265) from the National Cancer 

Institute (A.A.L.G.), and a grant (ES006694) from the National Institute of Environmental 

Health Sciences (a center grant).
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Fig. 1. 
A comparison between (a) flash chromatography and (b) functional chromatography. Blue 

spheres indicate a biological target and green spheres, small molecules. The orange region 

depicts steps that typically require complicated studies and often reduce the speed of the 

discovery process.
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Fig. 2. 
Functional chromatography arises through a 5-step procedure that can be completed in 6–12 

h using conventional Eppendorf tubes and glass vials. (Step 1) The process begins by 

coupling a purified protein to a resin. Protein loading typically requires 1–2 h of incubation 

at 4 °C to complete. (Step 2) The protein-charged resin is capped to block reactive sites and 

washed to remove any unbound protein or blocking agent. (Step 3) A natural product extract 

is added in an aqueous buffer. (Step 4) After incubation, the resin is washed and transferred 

to a glass vial. The bound materials are eluted using 95% EtOH. Use of a glass vial at the 

elution stage was key to avoiding background from contaminants in plastic.
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Fig. 3. 
Protein loading. (a) Schematic representation of proteins (blue) being coupled to a resin 

(grey). (b) Plots depicting the amount of unloaded protein remaining as a function of time. 

The loading efficiencies for three proteins, His6-HSC70, His6-p97 and untagged p97 are 

shown. (c) Schematic representation of the biochemical validation of a resin as given by 

confirmation of active site function (yellow dot) within a protein (blue) on the given resin 

(grey). (d) ATPase activity of resin-loaded and solution samples of HSC70 and the 

HSC70·DNAJB8·BAG1 complex using a Malachite green assay to measure the release of 

inorganic phosphate from ATP. The function of the p97 resins has already been reported.5d
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Fig. 4. 
Application of functional chromatography. (a) An exemplary HPLC trace of the crude 

extract of Lecythophora sp. HPLC traces depicting the eluted fraction from application of 

resins loaded with: (b) p97; (c) HSC70; (d) FtsZ; or (e) bovine serum albumin (BSA) to the 

extract of Lecythophora sp. All studies used the same concentration of extract and buffers. A 

400 μL total volume (200 μL of resin and 200 μL of media containing extract) was used for 

the p97, FtsZ and BSA studies while 1 mL (500 μL of resin and 500 μL of media) was used 

for the HSC70 study. Each resin contained 5 mg mL−1 of protein. An asterisk (*) denotes 

compounds that were not eluted from the p97 resin. HPLC traces were collected by UV 

absorption at 254 nm.
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Fig. 5. 
Structures of oxaspirols C (1) and B (2) along with select 1H–1H COSY, HMBC, and 1H–1H 

ROESY correlations.
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