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Abstract

In drug discovery, small molecules must often discriminate between healthy and diseased cells. 

This feat is usually accomplished by binding to a protein that is preferentially expressed in the 

target cell or on its surface. However, in many cases, the expression of an individual protein may 

not generate sufficient cyto-selectivity. Here, we demonstrate that bi-specific molecules can better 

discriminate between similar cell types by exploiting their simultaneous affinity for two proteins. 

Inspired by the natural product, FK506, we designed molecules that have affinity for both 

FKBP12 and HIV protease. Using cell-based reporters and live virus assays, we observed that 

these compounds preferentially accumulated in cells that express both targets, mimicking an 

infected lymphocyte. Treatment with FKBP12 inhibitors reversed this partitioning, while over-

expression of FKBP12 protein further promoted it. The partitioning into the target cell type could 

be tuned by controlling the properties of the linker and the affinities for the two proteins. These 

results show that bi-specific molecules create significantly better potential for cyto-selectivity, 

which might be especially important in the development of safe and effective anti-virals and anti-

cancer compounds.
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Introduction

Many drugs, especially those used to treat viral infections and cancer, require selectivity for 

a specific cell type amongst a “sea” of similar, healthy cells. Towards that end, bi-specific 

antibodies are often advantageous because they simultaneously recognize two cell surface 

proteins, which increases their avidity and reduces interactions with bystander cells.1, 2 

Here, we wondered whether a similar approach might be used to drive the cyto-selectivity of 

a small molecule. One potential advantage of this idea would be that small molecules can 

access intracellular proteins, expanding the choices for discriminating between cell types. To 

this end, we were inspired by the natural product, FK506. This molecule is naturally bi-

specific; it binds FK506-binding protein (FKBP12) with one chemical “face” and 

calcineurin with the other. FKBP has high affinity (KD ~ 0.6 nM)3 for FK506 and this drug-

protein pair recruits calcineurin into a remarkably stable, ternary complex (Kapp ~ 6 to 30 

nM).3, 4 This unusual binding mode may also impart cyto-selectivity because FK506 is 

principally sequestered into lymphocytes and red blood cells after oral administration,5, 6 

perhaps because these cell types express relatively high concentrations of the two target 

proteins. Synthetic molecules based on FK506 have a long history of important uses in 

chemical biology and drug discovery,7–15 yet the specific role of bi-valency in cyto-

selectivity has not yet been explored.

To better understand this natural mechanism and explore ways of possibly engineering bi-

specific small molecules, we chose a model system based on the human immunodeficiency 

virus (HIV) protease. Although they are clinically effective, HIV protease inhibitors are 

poorly cell penetrant and rapidly metabolized.16 We hypothesized that an “FK506-like” 

molecule capable of simultaneously binding FKBP12 and HIV protease might be selectively 

retained in cells that express both targets. To test this idea, we synthesized bi-specific 

molecules composed of an FKBP12 ligand and an HIV protease inhibitor attached by a 

modular linker. In this collection, we systematically varied the affinity of the molecules for 

FKBP12 and HIV protease, creating a suite of tools to ask how avidity correlates with 

relative cellular partitioning and retention. We found that bi-specific molecules 

preferentially accumulate in cells expressing both FKBP12 and HIV protease. Further, we 

found that the partitioning values in vitro and in cells were determined by the molecule’s 

relative affinities for the target proteins and the abundance of the targets. Indeed, the amount 

of molecule in the cell could be “tuned” by artificially increasing or decreasing the 

availability of FKBP12. These results show that bi-specific molecules, like their antibody 

counterparts, can be preferentially directed towards cells expressing two targets.

RESULTS AND DISCUSSION

Generation of bi-specific compounds with variable linkers

Based on extensive prior work in the general area of bi-functional molecules,12–15, 17 we 

envisioned the synthesis of compounds 1a-f and 2a-f composed of three major components 

(Fig. 1a). On one end would be a ligand for FKBP12, either FK506 itself or a Synthetic 

Ligand for FKBP (SLF). SLF is composed of only one half of FK506 and it is known to 

have a significantly weaker affinity for FKBP12.18 Thus, using FK506 or SLF as one “end” 

of the molecule would be expected to provide either tight or weak binding to FKBP12, 
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respectively. To avoid the immunosuppressive effects of using FK506, we took advantage of 

observations that modification of the extra-cyclic alkene destroys its affinity for calcineurin, 

but does not alter its tight binding to FKBP12.19 Accordingly, we used microwave-assisted, 

Grubbs’ cross metathesis chemistry20 to install 4-pentenoic acid at the terminal alkene in 

one step with modest yield (3hr, 80°C, 60%). Likewise, we modified SLF at the aniline with 

excess succinic anhydride in anhydrous DCM to produce a modified SLF intermediate 

containing a terminal carboxylic acid in quantitative yield (Fig. 1a). These two compounds 

provided FKBP12-binding motifs for further coupling. On the opposite end of the molecule, 

we first assembled the core of the FDA-approved, HIV protease inhibitor, amprenavir. We 

chose this starting point because the core of amprenavir has modest efficacy against HIV 

protease (Ki ≈ 177 nM) but its affinity is highly tunable by substitution at the nearby 

amine.21–23 For example, installation of a tetrahydrofuranyl urethane moiety (4-OMe-

amprenavir) improves the Ki to 0.5 nM (Fig. S1a and S1b). Thus, by making substitutions in 

this region, we envisioned “tuning” the affinity for HIV protease. Accordingly, the core of 

amprenavir was synthesized by a known route,24 after which amino acid linkers were 

incorporated using HATU amide coupling and subsequent deprotection (50 mg scale, 60 to 

80% yield). Amino acids were chosen for the linker because the side chains could be used to 

readily introduce functional groups with different hydrophobicities, flexibilities, geometries 

and chain lengths (Fig. 1a). Based on well-established structure-activity relationships (SAR) 

for HIV protease inhibitors,21–23 we hypothesized that small alkyl and benzyl substitutions 

would be tolerated, while the proline and lysine analogues might not. Finally, the modified 

amprenavir derivatives were coupled to the free acid of the modified FK506 or SLF motifs 

and the final products purified by HPLC to yield twelve bi-functional molecules (1a-f and 

2a-f) in 20 to 40% overall yield (Fig. 1b).

Biochemical characterization of bi-functional molecules

With this library in-hand, we first measured the affinity of the compounds for purified 

FKBP12 in vitro. In these studies, we determined Ki values by competition with a 

fluorescent polarization (FP) tracer 6 that has tight affinity for FKBP12 (KD = 9.6 ± 1.6 nM; 

Fig. S1c).25, 26 We found that the Ki values were principally determined by the identity of 

the FKBP12 ligand (either FK506 or SLF) (Fig. 2a). Specifically, compounds 1a-f had Ki 

values ranging between 19 and 29 nM, while 2a,b,d-f had values ranging from 40 to 93 nM. 

These affinities were similar to those of unmodified FK506 or SLF (Fig. S1d), suggesting 

that neither the linker nor the pendant HIV protease inhibitor dramatically impacted 

apparent affinity. This result might be expected because the binding site on FKBP12 is 

highly exposed27, 28 and many studies on bi-functional FKBP12 ligands have shown similar 

modularity.12–15 Because of non-specific tracer binding, we had to measure the affinity of 

2c for FKBP12 using a surface-plasmon resonance (SPR) platform instead of FP. Using this 

approach we found that 2c had a similar affinity for FKBP12 as the other molecules in the 

series (~50 nM). In this setting, we also decided to test the affinity of 2c for immobilized 

HIV protease, revealing an affinity of 42 ± 28 nM (Fig. S2a). This platform also allowed us 

to ask whether bi-functional molecules could bind HIV protease and FKBP12 

simultaneously, because the increase in the molecular mass from binding to the proteins is 

expected to be significantly larger than that provided by the small molecule. Adding a 

combination of FKBP12 and 1b to immobilized HIV protease showed that FKBP12 doesn’t 
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bind to HIV protease in the absence of 1b, but that a stable ternary complex is formed in the 

presence of the molecule (Fig. S2b).

To analyze binding of the full compound collection to HIV protease, we employed a 

standard enzymatic cleavage assay.29 Compounds 1a-f and 2a-f were incubated with HIV 

protease and a FRET-labelled substrate and inhibition curves generated from endpoint 

measurements (Fig. 2b). Consistent with previous SAR,21–23 we found that the identity of 

the linker had a substantial impact on activity. Specifically, the Ki values varied by more 

than two orders-of-magnitude; compound 2a had a Ki of 1.3 ± 0.3 nM, while compound 1d 
had a Ki of 170 ± 39 nM. Replacing FK506 with SLF did not seem to significantly impact 

anti-protease activity, likely because that portion of the molecule is too far from the active 

site, even when FKBP12 is introduced into the assay (Fig. S3a). The inhibitory activity of 

protease inhibitors is known to correlate with binding affinity,30 thus, compounds 1a-f and 

2a-f appear to provide a range of affinity values for each protein target.

Before progressing into cellular models, we first explored the membrane permeability of the 

compounds using a standard parallel artificial membrane permeability assay (PAMPA). 

Consistent with their large size, the bi-functional molecules exhibited modest passive 

diffusion rates (1–2×10−6 cm/s, Fig. S4a). However, these permeability values are only 2- to 

5-fold less than the parent compounds: amprenavir and FK506 (5.7×10−6 and 2.2×10−6 

cm/s, respectively), suggesting that the modifications had relatively modest effects on 

permeability. With these baselines established, we added recombinant human FKBP12 to 

one side of the PAMPA membrane and measured the partitioning of a subset of compounds. 

We found that FKBP12 enhanced partitioning by 2- to 5-fold compared to control wells 

(Fig. S4b), providing proof-of-concept that protein binding could retain the molecule on one 

side of a membrane. The partitioning of amprenavir was unaffected by FKBP12 (Fig. S4b), 

as expected. We desired to see if HIV protease could enhance partitioning in a similar 

fashion, but found that the buffers tolerated in the PAMPA system were not compatible with 

HIV protease solubility. Thus, we turned to a cellular assay.

Tuning cyto-selectivity of bi-specific molecules

To measure HIV protease binding in cells, we adapted an assay that uses a GFP-HIV 

protease reporter.31, 32 This method relies on the observation that expression of HIV 

protease culminates in rapid cytotoxicity and cell death in mammalian cells.33, 34 However, 

when a protease inhibitor is added, the cells become fluorescent and are able to proliferate. 

In this way, the extent of partitioning and HIV protease binding can be estimated from the 

measured GFP levels. In early studies, we found that transient transfection with the standard 

GFP-HIV protease reporter was not sufficiently reproducible, so we generated stable 

HEK293 T-REx cell lines under the control of a Tet repressor. As in the standard assay, we 

found that HIV protease was auto-proteolyzed following doxycycline induction in the 

absence of HIV protease inhibitor, leading to cell death (Fig. 3a and S5a). However, 

treatment with 4-OMe-amprenavir or 1a (5 μM), but not FK506 or DMSO, could rescue cell 

viability and increase fluorescence (Fig. 3b and S5b), as observed by fluorescence and light 

microscopy. Next, we measured the effects of compounds 1a-f and 2a-f on GFP expression 

by flow cytometry to provide a more quantitative and high throughput assay. These studies 
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showed that the best compounds, such as compounds 1a-c or 2a-c, also had potent anti-

protease activity in the cells. Satisfyingly, the most potent molecules from this experiment 

were also those with the best anti-protease activity in the biochemical assays. For example, 

compound 1a was significantly better than 1f (Fig 3c). We also noticed that there was an 

apparent “activity cliff” in the results. In other words, compounds 1a-c were active in the 

GFP-HIV protease assay, while 1d-f were largely inactive rather than simply weaker. This 

type of threshold response has been observed previously for HIV protease inhibitors and is 

likely due to an inability to stabilize the active site.35 The second observation from our 

studies was that compounds 1a-c, bearing the FK506 group, were significantly more potent 

than the equivalent compounds with the SLF moiety, 2a-c (all IC50 > 5000 nM) (Fig. 3c and 

S5c). These results suggest that the affinity for FKBP is critical to cellular partitioning. 

FKBP12 is more abundantly expressed (concentration estimated to be high micromolar)36 

than HIV protease, consistent with FKBP12 being a major determinant of compound 

retention in the cytosol. To more closely explore the role of partitioning in this assay, we 

created control compounds, Ac-Ala-amprenavir and propionyl-amprenavir (see Fig S1a–b), 

that matched the permeability and in vitro HIV protease inhibitory activity of 1a. These 

compounds allowed us to directly compare the effects of FKBP-driven partitioning on 

apparent activity in the GFP-HIVp assay without adjusting for other features, such as 

potency. Consistent with the model, we found that 1a, but not 2a, was significantly more 

active than the control molecules (Fig. S5f).

These results suggested that the availability of FKBP12 may tune partitioning. As a test of 

this idea, we saturated available FKBP12 sites using free FK506 or SLF as direct 

competitors. Indeed, these molecules dramatically reduced fluorescence in the GFP-HIV 

reporter cells, with FK506 being more potent than the weaker binding SLF (Fig. 4a). To test 

this idea in the opposite direction, we increased the available pool of FKBP12 through 

transient over-expression of a mCherry-FKBP12 construct (Fig. S5b and d). After the 

transfected cells were allowed to recover, we treated with 1a and used microscopy to reveal 

that GFP fluorescence was substantially increased in cells that also had high levels of 

mCherry-FKBP12 (Fig. 4b and S5b). 4-OMe-amprenavir did not show this dependence on 

mCherry-FKBP12 expression, showing that bi-valency was required. Using flow cytometry, 

we quantified the effect of FKBP12 on partitioning. Specifically, we isolated the 

subpopulation of cells (approximately 50%) that had high levels of mCherry expression. In 

these cells, the EC50 for 1a-c was substantially improved (EC50 = 610 nM in the FKBP12low 

cells vs. EC50 = 100 nM in the FKBP12high cells), while co-treatment with free FK506 

reversed the enhanced partitioning effect (Fig. 4c, 4d and S5e), demonstrating that it is 

indeed due to the availability of FKBP12. Finally, we performed live virus HIV-infectivity 

assays. Consistent with our cell-based reporter assay, we observed that 1a was significantly 

more potent than 2a (Fig. 5a and S6), further supporting the idea that the affinity for FKBP 

determines relative partitioning. Together, these results show that bi-specific molecules take 

advantage of dual expression of two proteins to gain enhanced cyto-selectivity.

The selectivity of a drug for its target cell in an animal helps determine its maximum safe 

dose by limiting damage to bystander cells. In this work, we synthesized bi-functional 

inhibitors in which the affinities for two target proteins, HIV protease and FKBP12, were 
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systematically varied. We gained control over the FKBP12 binding by using either FK506 

or the weaker ligand, SLF, while affinity for HIV protease was tuned by installing linkers at 

a region that was known to impact binding. Using in vitro assays, we confirmed that the 

affinities sampled a wide range and then found that the bi-specific molecules were 

sequestered on one side of a membrane by FKBP12. This partitioning partially overcame the 

poor permeability of the molecules, emphasizing that target engagement impacts equilibrium 

across membranes.37 Then, using a modified version of a cell-based GFP reporter assay, we 

confirmed that interactions with FKBP12 and HIV protease also control partitioning in cells. 

Binding to FKBP12 dominated the cyto-selectivity effect, likely because it represents a 

greater pool of available binding sites. To further explore the role of FKBP12, we used 

pharmacological competitors and over-expression to systematically control the number of 

free sites. Consistent with a key role for this binding partner, over-expression of a mCherry-

FKBP12 construct could further enhance partitioning (and anti-HIV protease activity), while 

competitors neutralized this effect. These results suggest that the key design principles in 

engineering cyto-selective small molecules are the abundance of the protein partners and the 

avidity of the interactions, reminiscent of what has been found for bi-specific antibodies and 

cell surface antigens.2

In part, we chose the HIV protease and FKBP12 model system because HIV infection 

commonly occurs in lymphocytes. As mentioned previously, lymphocytes are a major tissue 

target of FK506, likely because of the unusually high concentration of FKBP12 in these 

cells. Thus, we envisioned that the selectivity of HIV protease inhibitors might be improved 

by directing them to the relevant cell population – cells expressing both HIV protease and 

FKBP12. Such a strategy might improve activity by concentrating the active molecule into 

the relevant cell subpopulation, which in this case would be HIV-infected lymphocytes. This 

concept is supported by the results of the live viral assays, in which compound 1a was found 

to be much more potent than 2a. However, we anticipate that this strategy may be beneficial 

in other situations in which therapeutics need to be guided to a specific cell type with 

precision. For example, many transformed cells express high levels of at least two possible 

targets, such as oncoproteins, cell cycle proteins and molecular chaperones. Using bi-

specific molecules might enhance selectivity for these cancer cells and reduce accumulation 

in healthy cells. Also, recent work has established ways of degrading target proteins, 

including FKBP12, by recruiting the cereblon E3 ligase.38–40 The results presented here 

might inform ways of thinking about how these bi-specific molecules might take advantage 

of dual binding to generate cyto-selectivity. The clear disadvantages of this approach are 

that the resulting molecules are large and complex, with predicted physical properties that 

do not correlate well with oral bioavailability.41 Like the original inspiration, FK506, 

effective bi-specific molecules may require cyclization42, 43 or further engineering to 

incorporate the favorable valency features into a more amenable scaffold

Methods

Fluorescence Polarization Assay

Binding to FKBP12 was measured by fluorescence polarization. The assay was performed at 

60 μL final volume in PBS (Gibco) with 0.01% Triton X-100 using Corning 384-well flat-
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bottom black plates. For initial binding analysis of the fluorescent compound, recombinant 

FKBP12 was serially diluted 2-fold from 80 μM initial concentration and then 15 μL added 

to each well for a top concentration of 20 μM. Fluorescent ligand 6 was initially dissolved in 

DMSO at 100 μM then dissolved 1000-fold into assay buffer and 15 μL of this solution was 

added to each well to give a final concentration of 25 nM. Finally, 30 μL of assay buffer 

with 4% DMSO was added to each well to give a final volume of 60 μL with 2% DMSO. 

The plate was covered and equilibrated at room temperature for 30 minutes then read on a 

SpectraMax M5 at wavelength 488/515 ex/em.

Competition experiments were performed under similar conditions. Separate solutions of 

FKBP12 and fluorescent ligand 6 at 100 μM were prepared and then 15 μL of both was 

added to each well. Under these conditions, the majority of the fluorescent ligand would be 

bound to FKBP12. Compounds were initially dissolved in DMSO to 250 μM, serially 

diluted 3-fold, then diluted to 10 μM with assay buffer and 30 μL was added to each well to 

a final top concentration of 5 μM and 2% DMSO. The assay was equilibrated at room 

temperature for 30 minutes and then read as before.

HIV protease Enzymatic Cleavage Assay

The HIV protease cleavage assay was performed as previously described.29 Protease 

Substrate 1, RE(edans)SQNYPIVQK(dabcyl)R, was purchased from Sigma and Corning 

Low Volume Round-Bottom Black plates were used. In brief, recombinant HIV protease 

was diluted into Buffer P (100 mM sodium acetate, 1 M NaCl, 1 mM EDTA, 1 mM DTT, 

20% Glycerol, 0.1% w/v CHAPS, pH 4.7) to an initial concentration of 60 nM and 5 μL was 

added to each well. Compounds were 4-fold serially diluted from 1 mM in DMSO and then 

diluted 100-fold with assay buffer to 10 μM top concentration before 2 μL was added to 

each well. After compound addition, either 1 μL ddH2O or PEG-400 (final concentration 

0.2% v/v to improve solubility) was added to each well and plates were incubated for 30 

minutes at room temperature. After incubation, a fluorescent substrate solution (5 μM) was 

prepared in assay buffer and 12 μL was rapidly added to each well. The assay plate was 

immediately shaken for 5 seconds in a SpectraMax M5 plate reader and monitored at 

340/490 nm with a 475 cutoff filter for 30 minutes. Inhibition curves were plotted from the 

final timepoint after background subtraction of the fluorescent signal at assay initiation.

Generation of GFP-HIV protease Cell Lines

HEK293 T-REx cells were grown in DMEM supplemented with 10% FBS at 37 °C in 5% 

CO2. pcDNA5/FRT/TO containing the GFP-HIV protease fusion was transiently transfected 

into cells with different ratios of pOG44 (Invitrogen) with Lipofectamine 3000. Clones 

incorporating GFP-HIVp at the FRT site were selected with Hygromycin B (Roche) then 

checked for Zeocin sensitivity and expression levels after doxycyclin induction via 

fluorescent microscopy.

Flow Cytometry Analysis of Fluorescent Construct Expression

HEK293 cells incorporating the GFP-HIVp fusion construct were plated at 20,000 cells/well 

in clear 96-well TC-treated plates and grown for 24 hours. Compounds were titrated down in 

DMSO, diluted to 5X final concentration with PBS and 10 μL was added to each well to a 
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final volume of 200 μL and 1% DMSO. Doxycyclin was then added to each well at 1 μg 

ml−1 to induce GFP-HIVp expression. Cells were incubated for 36 hours at 37 °C in 5% 

CO2, media aspirated, washed once with PBS and trypsinized. Cells were then re-suspended 

in ice-cold PBS and analyzed on a BD LSRii cytometer for GFP fluorescence. Median 

fluorescence for each well was determined. To analyze FKBP12 levels, cells positive for 

mCherry fluorescence were gated and median GFP fluorescence was measured.

Live HIV Spreading Assay

Jurkat (E6-1) cells (NIH AIDS Reagent Program) were cultured in RPMI media 

supplemented with 25 mM HEPES pH 7.4, 10% heat-inactivated fetal calf serum (Hyclone), 

and 1% penicillin/streptomycin. 2.5×105 Jurkat cells were inoculated with 250pg p24 in 250 

μL media in a 96-well flat bottom polystyrene cell culture microplate. Input virus was 

removed after 18 hours via washing cells with phosphate-buffered saline (PBS). Cells were 

suspended in 250 μL of media containing compounds at the described concentrations. Cells 

were incubated at 37 °C, 5% CO2 and supernatant samples were removed every 48 hours 

and replaced with fresh media containing the compounds. Viral replication was quantified 

using ELISA to quantify p24 viral capsid protein in the culture supernatant. Mouse 

monoclonal and rabbit polyclonal α-p24 antibodies used in the ELISA were obtained from 

the NIH AIDS Reagent Program. Toxicity was monitored using the MTT cell viability 

assay.44

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors acknowledge the support of NIH grant AI098431 and helpful advice from Heather Carlson (University 
of Michigan) and Mitchell Mutz (Amplyx Pharmaceuticals).

Citations

1. Byrne H, Conroy PJ, Whisstock JC, O’Kennedy RJ. A tale of two specificities: bispecific antibodies 
for therapeutic and diagnostic applications. Trends in biotechnology. 2013; 31:621–632. [PubMed: 
24094861] 

2. Fitzgerald J, Lugovskoy A. Rational engineering of antibody therapeutics targeting multiple 
oncogene pathways. mAbs. 2011; 3:299–309. [PubMed: 21393992] 

3. Aldape RA, Futer O, DeCenzo MT, Jarrett BP, Murcko MA, Livingston DJ. Charged surface 
residues of FKBP12 participate in formation of the FKBP12-FK506-calcineurin complex. The 
Journal of biological chemistry. 1992; 267:16029–16032. [PubMed: 1379588] 

4. Liu J, Albers MW, Wandless TJ, Luan S, Alberg DG, Belshaw PJ, Cohen P, MacKintosh C, Klee 
CB, Schreiber SL. Inhibition of T cell signaling by immunophilin-ligand complexes correlates with 
loss of calcineurin phosphatase activity. Biochemistry. 1992; 31:3896–3901. [PubMed: 1373650] 

5. Su AI, Wiltshire T, Batalov S, Lapp H, Ching KA, Block D, Zhang J, Soden R, Hayakawa M, 
Kreiman G, Cooke MP, Walker JR, Hogenesch JB. A gene atlas of the mouse and human protein-
encoding transcriptomes. Proceedings of the National Academy of Sciences of the United States of 
America. 2004; 101:6062–6067. [PubMed: 15075390] 

6. Marinec PS, Chen L, Barr KJ, Mutz MW, Crabtree GR, Gestwicki JE. FK506-binding protein 
(FKBP) partitions a modified HIV protease inhibitor into blood cells and prolongs its lifetime in 

Dunyak et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vivo. Proceedings of the National Academy of Sciences of the United States of America. 2009; 
106:1336–1341. [PubMed: 19164520] 

7. Thomis DC, Marktel S, Bonini C, Traversari C, Gilman M, Bordignon C, Clackson T. A Fas-based 
suicide switch in human T cells for the treatment of graft-versus-host disease. Blood. 2001; 
97:1249–1257. [PubMed: 11222367] 

8. Gray DC, Mahrus S, Wells JA. Activation of specific apoptotic caspases with an engineered small-
molecule-activated protease. Cell. 2010; 142:637–646. [PubMed: 20723762] 

9. Banaszynski LA, Chen LC, Maynard-Smith LA, Ooi AG, Wandless TJ. A rapid, reversible, and 
tunable method to regulate protein function in living cells using synthetic small molecules. Cell. 
2006; 126:995–1004. [PubMed: 16959577] 

10. Grimley JS, Chen DA, Banaszynski LA, Wandless TJ. Synthesis and analysis of stabilizing ligands 
for FKBP-derived destabilizing domains. Bioorg Med Chem Lett. 2008; 18:759–761. [PubMed: 
18039574] 

11. Neklesa TK, Tae HS, Schneekloth AR, Stulberg MJ, Corson TW, Sundberg TB, Raina K, Holley 
SA, Crews CM. Small-molecule hydrophobic tagging-induced degradation of HaloTag fusion 
proteins. Nature chemical biology. 2011; 7:538–543. [PubMed: 21725302] 

12. Inoue T, Heo WD, Grimley JS, Wandless TJ, Meyer T. An inducible translocation strategy to 
rapidly activate and inhibit small GTPase signaling pathways. Nature methods. 2005; 2:415–418. 
[PubMed: 15908919] 

13. Keenan T, Yaeger DR, Courage NL, Rollins CT, Pavone ME, Rivera VM, Yang W, Guo T, Amara 
JF, Clackson T, Gilman M, Holt DA. Synthesis and activity of bivalent FKBP12 ligands for the 
regulated dimerization of proteins. Bioorganic & medicinal chemistry. 1998; 6:1309–1335. 
[PubMed: 9784872] 

14. Spencer DM, Wandless TJ, Schreiber SL, Crabtree GR. Controlling signal transduction with 
synthetic ligands. Science. 1993; 262:1019–1024. [PubMed: 7694365] 

15. Spencer DM, Graef I, Austin DJ, Schreiber SL, Crabtree GR. A general strategy for producing 
conditional alleles of Src-like tyrosine kinases. Proceedings of the National Academy of Sciences 
of the United States of America. 1995; 92:9805–9809. [PubMed: 7568222] 

16. Hoggard PG, Owen A. The mechanisms that control intracellular penetration of the HIV protease 
inhibitors. Journal of Antimicrobial Chemotherapy. 2003; 51:493–496. [PubMed: 12615849] 

17. Lin H, Cornish VW. In Vivo Protein-Protein Interaction Assays: Beyond Proteins We would like 
to thank Tony Siu, Dr. Charles Cho, and the members of our lab for their helpful comments as we 
were preparing this manuscript. Angew Chem Int Ed Engl. 2001; 40:871–875. [PubMed: 
11241632] 

18. Holt DA, Luengo JI, Yamashita DS, Oh HJ, Konialian AL, Yen HK, Rozamus LW, Brandt M, 
Bossard MJ. Design, synthesis, and kinetic evaluation of high-affinity FKBP ligands and the X-ray 
crystal structures of their complexes with FKBP12. Journal of the American Chemical Society. 
1993; 115:9925–9938.

19. Clemons PA, Gladstone BG, Seth A, Chao ED, Foley MA, Schreiber SL. Synthesis of calcineurin-
resistant derivatives of FK506 and selection of compensatory receptors. Chemistry & biology. 
2002; 9:49–61. [PubMed: 11841938] 

20. Marinec PS, Evans CG, Gibbons GS, Tarnowski MA, Overbeek DL, Gestwicki JE. Synthesis of 
orthogonally reactive FK506 derivatives via olefin cross metathesis. Bioorganic & medicinal 
chemistry. 2009; 17:5763–5768. [PubMed: 19643614] 

21. Freskos JN, Bertenshaw DE, Getman DP, Heintz RM, Mischke BV, Blystone LW, Bryant ML, 
Funckes-Shippy C, Houseman KA, Kishore NN. (Hydroxyethyl) sulfonamide HIV-1 Protease 
inhibitors: Identification of the 2-methylbenzoyl moiety at P-2. Bioorganic & medicinal chemistry 
letters. 1996; 6:445–450.

22. Cheng TJ, Brik A, Wong CH, Kan CC. Model system for high-throughput screening of novel 
human immunodeficiency virus protease inhibitors in Escherichia coli. Antimicrobial agents and 
chemotherapy. 2004; 48:2437–2447. [PubMed: 15215092] 

23. Ghosh AK, Shin D, Swanson L, Krishnan K, Cho H, Hussain KA, Walters DE, Holland L, Buthod 
J. Structure-based design of non-peptide HIV protease inhibitors. Farmaco. 2001; 56:29–32. 
[PubMed: 11347961] 

Dunyak et al. Page 9

ACS Chem Biol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. Ali A, Reddy GS, Cao H, Anjum SG, Nalam MN, Schiffer CA, Rana TM. Discovery of HIV-1 
protease inhibitors with picomolar affinities incorporating N-aryl-oxazolidinone-5-carboxamides 
as novel P2 ligands. Journal of medicinal chemistry. 2006; 49:7342–7356. [PubMed: 17149864] 

25. Nikolovska-Coleska Z, Wang R, Fang X, Pan H, Tomita Y, Li P, Roller PP, Krajewski K, Saito 
NG, Stuckey JA, Wang S. Development and optimization of a binding assay for the XIAP BIR3 
domain using fluorescence polarization. Analytical biochemistry. 2004; 332:261–273. [PubMed: 
15325294] 

26. Kozany C, Marz A, Kress C, Hausch F. Fluorescent probes to characterise FK506-binding 
proteins. Chembiochem : a European journal of chemical biology. 2009; 10:1402–1410. [PubMed: 
19418507] 

27. Clackson T, Yang W, Rozamus LW, Hatada M, Amara JF, Rollins CT, Stevenson LF, Magari SR, 
Wood SA, Courage NL, Lu X, Cerasoli F Jr, Gilman M, Holt DA. Redesigning an FKBP-ligand 
interface to generate chemical dimerizers with novel specificity. Proceedings of the National 
Academy of Sciences of the United States of America. 1998; 95:10437–10442. [PubMed: 
9724721] 

28. Van Duyne GD, Standaert RF, Karplus PA, Schreiber SL, Clardy J. Atomic structure of FKBP-
FK506, an immunophilin-immunosuppressant complex. Science. 1991; 252:839–842. [PubMed: 
1709302] 

29. Ung PM, Dunbar JB Jr, Gestwicki JE, Carlson HA. An allosteric modulator of HIV-1 protease 
shows equipotent inhibition of wild-type and drug-resistant proteases. Journal of medicinal 
chemistry. 2014; 57:6468–6478. [PubMed: 25062388] 

30. Matayoshi ED, Wang GT, Krafft GA, Erickson J. Novel fluorogenic substrates for assaying 
retroviral proteases by resonance energy transfer. Science. 1990; 247:954–958. [PubMed: 
2106161] 

31. Lindsten K, Uhlikova T, Konvalinka J, Masucci MG, Dantuma NP. Cell-based fluorescence assay 
for human immunodeficiency virus type 1 protease activity. Antimicrobial agents and 
chemotherapy. 2001; 45:2616–2622. [PubMed: 11502538] 

32. Fuse T, Watanabe K, Kitazato K, Kobayashi N. Establishment of a new cell line inducibly 
expressing HIV-1 protease for performing safe and highly sensitive screening of HIV protease 
inhibitors. Microbes Infect. 2006; 8:1783–1789. [PubMed: 16815068] 

33. Nie Z, Phenix BN, Lum JJ, Alam A, Lynch DH, Beckett B, Krammer PH, Sekaly RP, Badley AD. 
HIV-1 protease processes procaspase 8 to cause mitochondrial release of cytochrome c, caspase 
cleavage and nuclear fragmentation. Cell death and differentiation. 2002; 9:1172–1184. [PubMed: 
12404116] 

34. Strack PR, Frey MW, Rizzo CJ, Cordova B, George HJ, Meade R, Ho SP, Corman J, Tritch R, 
Korant BD. Apoptosis mediated by HIV protease is preceded by cleavage of Bcl-2. Proceedings of 
the National Academy of Sciences of the United States of America. 1996; 93:9571–9576. 
[PubMed: 8790371] 

35. Lefebvre E, Schiffer CA. Resilience to resistance of HIV-1 protease inhibitors: profile of 
darunavir. AIDS reviews. 2008; 10:131–142. [PubMed: 18820715] 

36. Siekierka JJ, Wiederrecht G, Greulich H, Boulton D, Hung SH, Cryan J, Hodges PJ, Sigal NH. The 
cytosolic-binding protein for the immunosuppressant FK-506 is both a ubiquitous and highly 
conserved peptidyl-prolyl cis-trans isomerase. The Journal of biological chemistry. 1990; 
265:21011–21015. [PubMed: 1701173] 

37. Marinec PS, Lancia JK, Gestwicki JE. Bifunctional molecules evade cytochrome P(450) 
metabolism by forming protective complexes with FK506-binding protein. Molecular bioSystems. 
2008; 4:571–578. [PubMed: 18493655] 

38. Corson TW, Aberle N, Crews CM. Design and Applications of Bifunctional Small Molecules: 
Why Two Heads Are Better Than One. ACS chemical biology. 2008; 3:677–692. [PubMed: 
19112665] 

39. Buckley DL, Raina K, Darricarrere N, Hines J, Gustafson JL, Smith IE, Miah AH, Harling JD, 
Crews CM. HaloPROTACS: Use of Small Molecule PROTACs to Induce Degradation of 
HaloTag Fusion Proteins. ACS chemical biology. 2015

Dunyak et al. Page 10

ACS Chem Biol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Winter GE, Buckley DL, Paulk J, Roberts JM, Souza A, Dhe-Paganon S, Bradner JE. DRUG 
DEVELOPMENT. Phthalimide conjugation as a strategy for in vivo target protein degradation. 
Science. 2015; 348:1376–1381. [PubMed: 25999370] 

41. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational approaches 
to estimate solubility and permeability in drug discovery and development settings. Advanced 
drug delivery reviews. 2001; 46:3–26. [PubMed: 11259830] 

42. Rezai T, Yu B, Millhauser GL, Jacobson MP, Lokey RS. Testing the conformational hypothesis of 
passive membrane permeability using synthetic cyclic peptide diastereomers. J Am Chem Soc. 
2006; 128:2510–2511. [PubMed: 16492015] 

43. Hewitt WM, Leung SS, Pye CR, Ponkey AR, Bednarek M, Jacobson MP, Lokey RS. Cell-
permeable cyclic peptides from synthetic libraries inspired by natural products. J Am Chem Soc. 
2015; 137:715–721. [PubMed: 25517352] 

44. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation 
and cytotoxicity assays. Journal of immunological methods. 1983; 65:55–63. [PubMed: 6606682] 

Dunyak et al. Page 11

ACS Chem Biol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Design of bi-specific small molecules. (a) Modular methods were used to assemble 

molecules containing either FK506 (series 1) or SLF (series 2) attached to an amprenavir 

core. (b) Schematic of the modular, bi-specific compounds.
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Figure 2. 
Binding of molecules to FKBP12 and HIV protease in vitro. (a) Competition for binding of 

an SLF tracer to human FKBP12. (b) Inhibition of HIV protease (HIVp) activity measured 

using a fluorescent reporter. (c) Quantification of the half-maximal values from (a) and (b). 

Results are the average of at least three independent experiments performed in triplicate. 

Error bars represent standard error of the mean (SEM). Some bars are smaller than the 

symbols.

Dunyak et al. Page 13

ACS Chem Biol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Bi-specific molecules bind HIV protease and FKBP12 in cells. (a) Schematic of the GFP-

HIV protease reporter assay. After doxycycline induction, cell viability and fluorescence is 

dependent on the cellular concentration of HIV protease inhibitor. (b) Confirmation of the 

HIV protease reporter assay. As expected, both 1a and the control, 4-OMe-amprenavir (5 

μM), were active based on viability and GFP fluorescence. (c) Relative potency measured 

using flow cytometry. Results are the average of at least three experiments in which 

fluorescence from 10,000 cells per concentration were quantified. Error bars were calculated 

from the three independent experiments.
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Figure 4. 
Altering FKBP12 levels tunes the partitioning of bi-specific molecules. (a) Competition with 

free FK506 (5 μM) reduces partitioning of 1a and 2a, with the weaker inhibitor, SLF, being 

less potent. Results are the average of at least three experiments in which 10,000 cells were 

quantified and the error bars are SEM. (b) After transient transfection with mCherry-

FKBP12, cells express variable amounts of the protein. Cells with high mCherry signal 

tended to have more GFP (arrows). (c) Shift in dose-response curves and (d) quantification 

of the ability of FKBP12 to tune partitioning, as judged by flow cytometry. See text for 

details. Results are the average of at least three experiments in which 10,000 cells were 

quantified. Error bars are SEM and statistical analysis was conducted using a One-Way 

ANOVA (p < 0.001) and post-hoc Dunnett’s multiple comparisons test with 1a as a 

reference (* = p < 0.05, *** = p < 0.001).
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Figure 5. 
Affinity for each bi-valent interaction mediates cellular activity of bi-functional molecules. 

(a) Viral replication is inhibited by 1a and 2a six and eight days post-infection. 1a exhibits 

greater efficacy due to the tighter affinity for FKBP12 despite identical protease inhibitor 

motifs. Infectivity curves are representative of experiments performed twice in triplicate. 

Error bars are SD and IC50 values are shown with calculated standard error.
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