
Which process or biomolecule would you study
with a chemical probe if you had one in hand?
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FKBP12

FK-506 Binding Protein that is 12 kilodaltons

108 amino acids



FK-506 Binding Protein that is 12 kilodaltons

FKBP12

108 amino acids



How big is the typical protein?

Predicted Genomic Lengths, Trends in Genetics (2001)



How big is the typical protein?

insulin 
5.8 kDa

trypsin
23.3 kDa

hemoglobin
64.5 kDa

hexokinase
102 kDa

immunoglobulin G
150 kDa

ATP synthase complex
>500 kDa

fkbp12
12 kDa

Predicted Genomic Lengths, Trends in Genetics (2001)



FK-506 is an immunosuppressant drug 

FK-506 (Tacrolimus)
inhibits the development of 
T-cells for immune responses

eczema and other 
skin conditions

transplant rejection

blocks T-cell proliferation inhibits secretion of 
interleukin-2

inflammatory bowel disorders

fermentation broth of Japanese soil sample
Streptomyces tsukubaensis



Fishing for the target of FK-506

BE student

bait

cellular pond



Fishing for the target of FK506
affinity chromatography

sepharose
bead

couple ‘bait’ to matrix

bait

fishing
pole



Fishing for the target of FK506
affinity chromatography

add tissue 
homogenate elute

sepharose
bead

couple ‘bait’ to matrix

bait

fishing
pole

bovine thymus & 
human spleen tissue

wash column with 
free FK506



Fishing for the target of FK506
affinity chromatography

Harding et al. Nature 341, 758-760 (1989)
Siekierka et al. Nature 341, 755-757 (1989)

SDS-PAGE
add tissue 

homogenate elute

sepharose
bead

couple ‘bait’ to matrix

bait

fishing
pole



Fishing for the target of FK506
determining the protein sequence

MITRCKS

VALENTYN

purified protein
from calf thymus

(the ~14kDa band)

Edman degradation:
proteolytic fragments

N-terminal sequencing 
methods

IHARTMIT

7.05 and 5.07!!!



Fishing for the target of FK506
determining the protein sequence

Standaert et al. Nature 346, 671-674 (1990)
Lane et al. Journal of Protein Science 10, 151-160 (1991)

MGVQVETISPGDG
RTFPKRGQTCVVH
YTGMLEDGKKFDS
SRDRNKPFKFVLG
KQEVIRGWEEGVA
QMSVGQRAKLTISP
DYAYGATGHPGIIP
PNATLIFDVELLKLE

computational analysis of 
overlapping fragments =>

108 amino acid peptide chain
(11.8 kilodaltons)

Edman degradation:
proteolytic fragments

purified protein
from calf thymus

(the ~14kDa band)



Fishing for the target of FK506
determining the protein sequence

MGVQVETISPGDG
RTFPKRGQTCVVH
YTGMLEDGKKFDS
SRDRNKPFKFVLG
KQEVIRGWEEGVA
QMSVGQRAKLTISP
DYAYGATGHPGIIP
PNATLIFDVELLKLE

Edman degradation:
proteolytic fragments

electrospray mass spectrometry to measure the full mass 
of purified protein

11.8 kDa

purified protein
from calf thymus

(the ~14kDa band)

Standaert et al. Nature 346, 671-674 (1990)
Lane et al. Journal of Protein Science 10, 151-160 (1991)

computational analysis of 
overlapping fragments =>

108 amino acid peptide chain
(11.8 kilodaltons)



FKBPs are everywhere!

MOST ABUNDANT
FKBPs found in the cytoplasm or at cell surface receptors 

ubiquitously expressed in variety of tissues

FKBPs found in both the cytoplasm and nucleus

FKBPs that are anchored to the Endoplasmic Reticulum

FKBPs encoded in the human genome – domain architectures

FKBPs that can transit to mitochondria and other organelles



Several drugs bind to FKBP12 with high affinity

anti-immune effects
anti-tumor effects

potent
i.e. 1-10 nM



FKBP12 is a peptidyl-prolyl isomerase enzyme
‘PPIase’ 

80% 
preferred due to steric hindrance

20%

FKBP12 (PPIase)

Proline is 
highly constrained

-

Side chain is bonded
to its secondary amine

Nitrogen

7.05 and 5.07!!!
20.320!!



20%

FKBP12 (PPIase)

overall free energy difference 
between cis/trans is small but…

Ea ~ 20 kcal/mol HIGH!!
(v. 0.1 kcal/mol for typical pep bond)
rate limiting!!

PPIase catalyzes rate acceleration 
of 106 fold over non-enzymatic
cis-trans isomerization

Proline is 
highly constrained

-

Side chain is bonded
to its secondary amine

Nitrogen

FKBP12 is a peptidyl-prolyl isomerase enzyme
‘PPIase’ 

80% 
preferred due to steric hindrance



FKBP12 is a molecular chaperone: 
enabler of proper protein folding



FKBPs are ‘downstream’ chaperones

folded 
protein

folded 
protein

folded 
protein

folded 
protein

folded 
protein

folded 
protein

folded 
protein

Bacteria Eukaryotes

FKBP

FKBP

FKBP

FKBP
FKBP

FKBP

FKBP

acts at the final stages of protein folding



FKBPs in diseases of protein folding

protein

misfolded 
protein

protein
aggregates

protein plaques

cell death!



FKBPs in diseases of protein folding

Alzheimer’s 
disease

Parkinson’s
disease

Creutzfeldt-Jakob 
disease

Transthyretin 
Amyloidosis

protein

misfolded 
protein

higher FKBP52 
=

lower Tau aggregation

protein
aggregates

protein plaques



FKBP12 ‘gains a function’ to inhibit T-cell activity
immunosuppressive activities are unrelated to PPIase activity

50 Current Molecular Pharmacology, 2016, Vol. 9, No. 1 Tong and Jiang 

that the PPIase activity of FKBP12 was not required [37]. 
This PPIase independent action of FKBP12 is reminiscent of 
its action in FK506 mediated inhibition of CaN [11]. A 
closer examination of the association between FKBP12 and 
RyRs revealed the presence of CaN in the complex, which 
was disrupted by FK506 and rapamycin [38]. This observa-
tion raises a possibility that FKBP12 may control the phos-
phorylation state of the receptors through the CaN associated 
with the receptors. 
 FKBP12.6, the closest isoform of FKBP12, also plays a 
role in regulating RyR Ca2+ release channels in a manner 
similar to that of FKBP12 [5]. However, these two FKBPs 
appear to have different specificity to different types of 
RyRs. FKBP12 is more selective for RyR1 in skeletal mus-
cle, whereas FKBP12.6 preferentially targets RyR2 in car-
diac muscle [5, 39, 40] (Fig. 3).  

2.1.3. FKBP12 and IP3R
 FKBP12 also associates with another type of Ca2+ chan-
nel receptors named as inositol 1, 4,5-trisphosphate receptors 
(IP3R), which are structurally and functionally related to 
RyRs [41] (Fig. 3). The receptor mediates the release of Ca2+

from the endoplasmic reticulum (ER) into cytosol and mito-
chondria in response to inositol trisphosphate (IP3) [42]. The 
effect of FKBP12 on IP3Rs appears to be the same as that on 
RyRs, which stabilizes the receptors [41]. When FKBP12 is 
stripped from the receptors by FK506 or rapamycin, a leaky 
channel is created [41]. As in the case for RyRs, CaN is 
found in complex with FKBP12 and IP3Rs [43]. Because 
IP3R is phosphorylated at multiple sites [44, 45], the signifi-
cance of its association with a phosphatase is apparent. In-
deed, CaN has been shown to modulate the phosphorylation 
status of the receptors. Importantly, changes in the phos-

phorylation status of the receptors appear to alter their cal-
cium flux properties [43]. However, it remains unclear 
whether FKBP12 controls IP3R simply by targeting CaN to 
the receptors or its binding to the receptors may also contrib-
ute to the regulation. 
 In addition to binding with Ca2+ channel receptors, 
FKBP12 also interacts with type I receptor for transforming 
growth factor-! (TGF-!) [46]. In this case, FKBP12 serves 
as a natural ligand and binds to a glycine- and serine-rich 
motif of TGF-! receptor 1 (TGF-!R1). The binding does not 
directly inhibit the receptor but blocks its phosphorylation by 
TGF-!R2, hence trapping the receptor in an inactive state 
[46]. This mechanism is believed to provide a safeguard 
against leaky signaling activity of the receptors. As in the 
case for calcium channel receptors, the association of 
FKBP12 with TGF-!R1 is sensitive to FK506 and rapamy-
cin. It has been shown that rapamycin is able to reverse the 
inhibitory action of FKBP12 on the receptors, presumably by 
removing FKBP12 from TGF-!R1 [47]. 

2.2. FKBP38 
 FKBP38 was originally isolated based on its sequence 
similarity to FKBP12 [48, 49]. It was later identified as a 
gene that was downregulated in Schwannomas as the tumor 
cells progressed into advanced stages [49]. The initially iso-
lated cDNA contained an open reading frame encoding a 
protein of 355 amino acids (38 kDa) but the initial ATG was 
later found to be 58 codons upstream [48, 50]. The full size 
of FKBP38 is 413 amino acids with a predicted size of 45 
kDa [50]. But on SDS page it shows an apparent molecular 
weight of 57 kDa [50, 51]. In addition to the PPIase domain 
that marks all members of FKBP family, FKBP38 contains 
several other sequence domains, including three TPR do-

Fig. (2). The action mechanism of FK506 and rapamycin in T lymphocyte activation. FK506 binds to cytosolic FKBP12 to form the 
FKBP12-FK506 complex. The complex inhibits CaN-dependent dephosphorylation of NFATs in the cytoplasm and prevents their nuclear
translocation and transcription of T-cell activation genes. Rapamycin also form a complex with FKBP12. However, this rapamycin-FKBP12 
targets mTOR and inhibits its function in cell growth, blocking cell cycle progression.  
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FKBP12 ‘ternary’ complexes 
Rapamycin and mTOR

PDB entry:
1NSG

rapamycin

FRB of 
mTOR

FKBP12

FRB of 
mTOR

FKBP12
KD ~ 0.5 nM

KD ~ 26 µM

Choi et al. Science, 273, 239-42 (1996)
Banaszynski, Liu, and Wandless, J. Am. Chem Soc., 127,  4815-21 (2005)

KD ~ 12 nM vs. >50 µM



Drugging the ‘undruggable’ through gain of function

Greg Verdine, Harvard

George Church, Harvard

Jim Wells, UCSF



SMARTTM – small molecule-assisted receptor targeting



SMARTTM – small molecule-assisted receptor targeting



SMARTTM – small molecule-assisted receptor targeting



SMARTTM – small molecule-assisted receptor targeting

Novel molecules that you find may serve as 
new starting points for this concept, providing 

new molecular interfaces with FKBP12 that 
can be used to engage a new proteins 

through design or screening



FKBP12 as a tool for biological engineering

controlling transcription

FRB FKBP12

reporter gene

reporter gene

ternary complex formation

DNA-binding 
domain

operator

operator

Hook Bait Fish
transactivation

domain

rapamycin



FKBP12 as a tool for biological engineering

inducing protein degradation

target

FRB
proteasome

FKBP12

rapamycin

ternary complex

proteasome-mediated 
degradation of target

FKBP12

FRB
proteasome

rapamycin

ternary complex

proteasome-mediated
degradation of the target



FKBP12 as a tool for biological engineering

induced genome editing

rapamycin



FKBP12 as a tool for biological engineering

controlling 
transcription

proximity induction strategies

induced 
genome editing

rapamycin

target

FRB
proteasome

FKBP12

rapamycin

ternary complex

proteasome-mediated 
degradation of target

inducing 
protein degradation


