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ABSTRACT
Many human diseases result from mutations in specific genes. Once

translated, the resulting aberrant proteins may be functionally compe-

tent and produced at near-normal levels. However, because of the

mutations, the proteins are recognized by the quality control system of

the endoplasmic reticulum and are not processed or trafficked correctly,

ultimately leading to cellular dysfunction and disease. Pharmacological

chaperones (PCs) are small molecules designed to mitigate this problem

by selectively binding and stabilizing their target protein, thus reducing

premature degradation, facilitating intracellular trafficking, and in-

creasing cellular activity. Partial or complete restoration of normal

function by PCs has been shown for numerous types of mutant proteins,

including secreted proteins, transcription factors, ion channels, G

protein-coupled receptors, and, importantly, lysosomal enzymes. Collec-

tively, lysosomal storage disorders (LSDs) result from genetic mutations in

the genes that encode specific lysosomal enzymes, leading to a deficiency

in essential enzymatic activity and cellular accumulation of the respective

substrate. To date, over 50 different LSDs have been identified, several

of which are treated clinically with enzyme replacement therapy or

substrate reduction therapy, although insufficiently in some cases. Im-

portantly, a wide range of in vitro assays are now available to measure

mutant lysosomal enzyme interaction with and stabilization by PCs, as

well as subsequent increases in cellular enzyme levels and function. The

application of these assays to the identification and characterization of

candidate PCs for mutant lysosomal enzymes will be discussed in this

review. In addition, considerations for the successful in vivo use and

development of PCs to treat LSDs will be discussed.

INTRODUCTION

L
ysosomes are membrane-bound acidic organelles that con-

tain over 50 different acid hydrolases that are responsible for

the catabolism of a wide range of different macromolecules,

including glycosphingolipids, glycogen, mucopolysaccha-

rides, oligosaccharides, cholesterol, peptides, and glycoproteins.1 The

deficiency of any individual lysosomal enzyme leads to a lysosomal

storage disorder (LSD), which is characterized by the pathological

accumulation of the deficient enzyme’s substrate in various cells,

tissues, and organs throughout the body. To date, over 50 different

LSDs have been identified.2,3 Substrate storage in lysosomes leads to

chronic and progressive clinical syndromes that often display wide

spectrums of severity that are unique to each LSD.2,3 The more severe,

early-onset forms of these diseases are typically diagnosed in infancy

through early childhood, and are characterized by little-to-no re-

sidual enzyme activity and severe clinical manifestations that may

involve impairment of central nervous system (CNS) function.4 In

contrast, the later-onset forms are typically diagnosed from adoles-

cence through adulthood, are associated with significant residual

enzyme activity, and show a more mild clinical presentation that is

often restricted to peripheral pathology.4 Most LSDs are autosomal

recessive, though a few have an X-linked inheritance pattern. The

overall prevalence of LSDs is estimated to be 1:1,500–1:7,000 live

births.5

The goal of all current therapies for LSDs, whether approved or

experimental, is the reduction of accumulated substrate in lysosomes.

Currently, enzyme replacement therapy (ERT) and small-molecule

substrate reduction therapy (SRT) represent two of the primary

treatment options that are approved for patients with some LSDs.6

ERT is based on the intravenous administration of a recombinant

form of the deficient enzyme, and was first approved to treat the

peripheral manifestations associated with the most common LSD,

Gaucher disease.7,8 Thereafter, ERT products for Fabry disease,9–12

Pompe disease,13–16 and mucopolysaccharidoses (MPS) I,17,18 II,19

and VI20,21 followed (Table 1). In many cases, ERT leads to a reduction
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Table 1. Approved Therapies and Pharmacological Chaperones for Lysosomal Storage Disorders

Pharmacological Chaperones

Disease Deficient Enzyme Approved Drug(s)a Name Status References

Fabry a-Galactosidase A Fabrazyme� (agalsidase beta)

Replagal� (agalsidase alpha)

Galactose Preclinical 164

Case Study 165

DGJ (AT1001; Amigal�) Phase 3 40, 75, 131, 166

Gaucher Acid b-Glucosidase Cerezyme� (imiglucerase)

VPRIV� (velaglucerase alfa)

Zavesca� (miglustat; NB-DNJ)

a-allo-HNJ; a-galacto-HNJ;

b-1-C-butyl-DGJ

Preclinical 167

DIA Preclinical 168

NN-DNJ Preclinical 64, 126, 127, 169, 170

N-(7-oxadecyl)DNJ Preclinical 127

N-(n-octyl)DNJ Preclinical 127, 170

NOV Preclinical 161

Castanospermine; N-(n-octyl)IFG;

PDMP; morpholine- and

piperazine-substituted alkylated

nitrogen heterocycles; N-octyl-2,5-

dideoxy-2,5-imino-D-glucitol

Preclinical 126

CO-DNJ and CN-DNJ Preclinical 170

N-hexanoic acid

adamantyl amide DNJ

Preclinical 64

Calystegine derivatives; DIX Preclinical 171

IFG (AT2101) Phase 2 65, 70, 76

5-((4-methylphenyl)thio)-

quinazoline 2,4-diamine

Preclinical 108

5-(3,5-dichlorophenoxy)-

N-(4-pyridinyl)-2-furamide

Preclinical 108

NOI-NJ, 6S-NOI-NJ, 6N-NOI-NJ,

6S-NOI-GNJ

Preclinical 172

Diltiazem Preclinical 107

Ambroxol Investigator-initiated

pilot study

61, 173,

www.Gaucher.org

NB-DNJ, Aminocyclitol 1,

Aminocyclitol 4

Preclinical 169

Dansyl-capped N-substituted DNJ

derivatives 10 and 11

Preclinical 173

6S-NDI-NJ Preclinical 174

2-O-alkly iminoxylitol derivatives Preclinical 175

(continued )
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Table 1. (Continued)

Pharmacological Chaperones

Disease Deficient Enzyme Approved Drug(s)a Name Status References

GM1 Gangliosidosis

(Morquio B)

Acid b-Galactosidase None NOEV Preclinical 138, 176

DGJ, NB-DGJ Preclinical 138, 177

Galactose Preclinical 178

DLHex-DGJ Preclinical 179

DGJ derivatives (compounds 17, 18, 22) Preclinical 180

Fluorous iminoalditols 6–8 Preclinical 181

GM2 Gangliosidosis

(Tay-Sachs / Sandhoff)

Acid b-Hexosaminidase None NGT Preclinical 59, 182

AdDNJ; ADNJ; ACAS Preclinical 182

M-22971 (nitro-indan-1-one);

M-45373 (pyrrolo[3,4-d]pyridazin-1-

one); M-31850 (bisnaphthalimide)

Preclinical 59

Pyrimethamine Phase 2 58, 183

N-benzyl LABNAc Preclinical 184

Pompe Acid a-Glucosidase Myozyme� (alglucosidase alfa)

Lumizyme� (alglucosidase alfa)

DNJ (AT2220) Phase 2 62, 72, 73

NB-DNJ (miglustat) Preclinical 72, 73

NO-DNJ Preclinical 72

Krabbe Galactocerebrosidase None a-Lobeline Preclinical 185

Batten Palmitoyl:protein

thioesterase

None CS38 Preclinical 186

MPS I (Hurler / Hurler-Scheie) a-L-iduronidase Aldurazyme� (laronidase) None

MPS II (Hunter) Iduronate sulphate

sulphatase

Elaprase� (idursulfase) None

MPS IIIC (Sanfilippo Syndrome type C) Heparan sulfate acetyl-CoA:

a-glucosaminidine

N-acetyltransferase

None Glucosamine Preclinical 187

MPS VI (Maroteaux-Lamy) N-acetylgalactosamine-4-

sulfatase

Naglazyme� (galsulfase) None

aAll approved drugs are enzyme replacement therapies, with the exception of Zavesca, which is an substrate reduction therapy.

ACAS, 6-acetamido-6-deoxycastanospermine; AdDNJ, 2-acetamido-1,2-dideoxynojirimycin; ADNJ, 2-aceto-2-deoxynojirimycin; CN-DNJ, a-1-C-nonyl-1-

deoxynojirimycin; CO-DNJ, a-1-C-octyl-1-deoxynojirimycin; DGJ, 1-deoxygalactonojirimycin; DIA, 2,5-dideoxy-2,5-imino-D-altritol; DIX, 1,5-dideoxy-1,

5-iminoxylitol; DNJ, 1-deoxynojirimycin; HNJ, homonojirimycin; a-allo-HNJ, homoallonojirimycin; DLHex-DGJ, methyl 6-{[N2-(dansyl)-N6-(1,5-dideoxy-D-galactitol-

1,5-diyl)-L-lysyl]amino} hexonate; IFG, isofagomine; LABNAc, 2-acetamido-1,4-imino-1,2,4-trideoxy-L-arabinitol; NB-DGJ, N-butyl-1-deoxygalactonojirimycin;

NB-DNJ, N-butyl-1-deoxynojirimycin; NGT, N-acetyl-glucosamine-thiazoline; NN-DNJ, N-(n-nonly)-deoxynojirimicin; NO-DNJ, N-(7-oxadecyl) deoxynojirimycin;

NOEV, N-octyl-4-epi-b-valienamine; 6S-NDI-NJ, 6-thio-(5N,6S)-[4-(N ’-dansylamino)butylmethylidene]nojirimycin; 6S-NOI-GNJ, 5-N,6-thio-(N ’-octyliminomethyli-

dene)galactonojirimycin; NOI-NJ, 5-N,6-O-(N ’-octyliminomethylidene)nojirimycin; 6N-NOI-NJ, 6-amino-6-deoxy-5,6-di-N-(N ’-octyliminomethylidene)nojirimycin;

6S-NOI-NJ, 5-N,6-thio-(N ’-octyliminomethylidene)nojirimycin; NOV, N-octyl-b-valienamine; PDMP, 1-phenyl-2-decanoylamino-3-morpholino-1-propanol; MPS,

mucopolysaccharidoses.
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of lysosomal substrate load in a patient’s cells and tissues, and

improvements in clinical outcome. However, the CNS manifesta-

tions of these diseases do not respond well to ERT due to the in-

ability of these exogenous enzymes to cross the blood–brain

barrier.6,22 Similarly, delivery of infused enzyme to other disease-

relevant cells, tissues, and organs is insufficient in certain cases.6,22

In addition, the infused enzyme can be immunogenic, which may

limit efficacy23–28 and/or adversely affect tolerability.29–32 As these

drugs are not orally available, lengthy periodic (typically biweekly)

infusions are necessary, often in a hospital setting. In contrast, SRT

drugs, only one of which is approved, have the potential for oral

bioavailability, broad tissue distribution, and better CNS penetra-

tion, as the therapeutic agent is a small molecule. Zavesca� (N-

butyl-1-deoxynojirimycin, miglustat) is currently approved for use

in patients with mild-to-moderate Gaucher disease without CNS

involvement.33–35 Zavesca reduces cellular substrate levels via in-

hibition of glucosyltransferase, the enzyme responsible for the

synthesis of the substrate that accumulates in Gaucher disease,

glucosylceramide (GlcCer). Zavesca has also been evaluated in

neuronopathic Gaucher patients, though no significant benefit for

the neurological manifestations in these patients was seen.36 Im-

portantly, many patients treated with Zavesca experience side ef-

fects, including diarrhea, weight loss, tremor, and peripheral

neuropathy,37 thus limiting broad clinical utility. More recently,

Zavesca was approved in the European Union and several other

countries as a treatment for the progressive neurological manifes-

tations of another LSD, Niemann-Pick type C disease.38 In addition

to Zavesca, a second-generation small molecule SRT drug for

Gaucher disease has recently shown promise in Phase 2 studies,

supporting further clinical development.39 Eliglustat tartrate is an

orally active glucosyltransferase inhibitor for the potential treat-

ment of Gaucher disease and other LSDs.39 Lastly, as an alternative

to small molecule therapy, hematopoietic stem cell therapy has been

successfully used for the treatment of some LSDs, including MPS I

(Hurler disease), metachromatic leukodystrophy, Krabbe’s disease

(globoid cell leukodystropy), and a-mannosidosis.6

Over the past decade, pharmacological chaperone (PC) therapy has

been proposed and investigated as a potential treatment for many

genetic diseases that result from misfolded and/or unstable proteins,

including LSDs.4,40,41 Small molecule PCs are designed to selectively

bind and stabilize mutant proteins, thereby facilitating proper fold-

ing and intracellular trafficking, and increasing total cellular levels

and activity. Similar to SRT, PCs are low-molecular-weight mole-

cules, and thus have the potential to be orally available with broad

biodistribution, including the CNS. Proof of concept has now been

established for numerous PCs at the cellular-, animal-, and clinical-

level for the mutant lysosomal enzymes associated with a number of

LSDs (Table 1). This review will first detail the proposed mechanism

of action of PCs for lysosomal enzymes, followed by the strategies

and assays that have been utilized to identify and characterize the

pharmacological properties of these molecules both in vitro and

in vivo, and will close with a discussion around considerations for

their therapeutic use.

MECHANISM OF ACTION
Inherited mutations can alter the structure and function of ly-

sosomal enzymes to varying degrees. Large deletions, insertions,

truncations, or frameshift mutations often lead to the loss of entire

protein domains that grossly alter structure and function, and may

even result in the complete loss of expression. Similarly, splice site

mutations can lead to incorrect processing of mRNA precursors,

including exon skipping or splicing at cryptic splice points, re-

sulting in gross structural and functional alterations. Small in-

frame deletions and insertions, or missense mutations that result in

a single base pair substitution in the coding sequence, can lead to

more subtle changes in structure that may influence mRNA ex-

pression, protein folding, protein stability, intracellular trafficking,

substrate binding, catalytic competency, and/or enzyme turnover

rate. Many of the mutations in lysosomal enzymes that cause hu-

man LSDs are missense, and may result in less stable or trafficking-

defective enzymes.42

Folding and maturation of lysosomal enzymes, like many other

proteins, are monitored by the quality control system of the en-

doplasmic reticulum (ER).43 Only those proteins that are correctly

folded and stable leave this cellular compartment efficiently and

progress through the secretory pathway to their final destination in

the lysosome.44 The primary quality control mechanisms in the ER

rely on molecular chaperones and folding factors, such as BiP,

calnexin, calreticulin, thiol-disulfide oxidoreductases, and protein

disulfide isomerase. These molecular chaperones recognize com-

mon structural features, which may include exposed hydrophobic

regions, unpaired cysteine residues, or aggregation, to distinguish

stable, native protein conformations from unstable, non-native

ones.45–47 In general, the mechanisms that distinguish native from

non-native conformations and assist in folding of lysosomal en-

zymes have only begun to be elucidated.48,49 If, despite the action of

the molecular chaperones, folding of the nascent protein fails, it is

recognized by the ER quality control system as aberrant and is

targeted for degradation. This ER-associated degradation involves

polyubiquitination and translocation to the cytosol, where the less

stable or misfolded enzymes are subjected to proteasomal degra-

dation.50

While highly efficient, in some cases the ER quality control may

recognize mutant enzymes that retain catalytic activity, or that have

only modestly compromised function. As a consequence, slight

modifications in protein stability or conformation, as is seen with

many lysosomal enzymes that have missense mutations, may prevent

release from the ER and result in premature degradation and a loss-

of-function phenotype.4,51 Several types of interventions that have

the potential to rescue mutant proteins from premature degradation

and restore function have been investigated. Importantly, cell-

permeant small molecules that selectively bind to their target mutant

protein may confer enhanced thermodynamic stability and facilitate

proper transport through the secretory pathway. These molecules

appear to act primarily in the ER during biosynthesis, where they

facilitate the release of the mutant proteins from the ER quality

control mechanisms, preventing premature degradation, and pro-
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moting transport through the Golgi,

and ultimately to the lysosome.4 In-

creased stability and restoration of

normal cellular trafficking may also

relieve stress on the ER that results

from protein accumulation, and may

minimize the toxic consequences of

protein aggregation.52,53 Because

these small molecules bind specifi-

cally to their target protein and pro-

mote proper cellular trafficking, they

have been termed PCs.

PCs are distinct from small mole-

cule chemical chaperones, such as

glycerol, dimethylsulfoxide, and tri-

methylamine N-oxide, which can

also stabilize mutant proteins and

increase cellular levels. While both

chemical and PCs have been shown

to be very effective at promoting

protein folding in the ER and subse-

quent trafficking through the secre-

tory pathway in vitro, very high

concentrations of chemical chaper-

ones typically are required to see an

effect. Further, chemical chaperones

act nonspecifically on many proteins, raising the possibility that

they could lead to premature ER release of folding intermediates

for normal proteins, some of which could lack stability and have

a propensity for aggregation and toxicity in the post-ER envi-

ronment.54 PCs, on the other hand, are designed to specifi-

cally target the protein of interest, thereby eliciting little-to-no

global perturbation of the ER quality control system and the gen-

eral protein-folding environment. Because PCs specifically bind

to their target proteins and can be selected to have suitably

high affinity, concentrations that are lower than those used

with chemical chaperones may be sufficient to lead to therapeu-

tic benefit, reducing or preventing off-target side effects.55 In

addition to lysosomal enzymes, restoration of partial or com-

plete function by PCs has been shown for other types of mutated

proteins, including G protein-coupled receptors, secreted pro-

teins, transcription factors, ion channels, and transporters, that

lead to such diseases as cystic fibrosis, hypercholesteremia, cata-

racts, Huntington’s, Alzheimer’s and Parkinson’s diseases, retinitis

pigmentosa, nephrogenic diabetes insipidus, and cancer. Im-

portantly, a wide range of in vitro and in vivo assays is now avail-

able to measure mutant lysosomal enzyme interaction with and

stabilization by PCs, as well as subsequent increases in cellular

enzyme levels and function. The application of these assays for the

identification and characterization of candidate PCs is shown in

Figure 1, and will be discussed in this review. Additional con-

siderations for the successful use and development of PCs are also

provided.

IN VITRO APPROACHES TO IDENTIFY
AND CHARACTERIZE PHARMACOLOGICAL
CHAPERONES FOR LYSOSOMAL ENZYMES
Identification of PCs for Lysosomal Enzymes

Rational drug design is a valuable strategy that has been instru-

mental in the identification of PCs for mutant lysosomal enzymes.

Initially, Fan et al. rationalized that a small molecule mimic of the

natural substrate might bind to and thereby stabilize the target en-

zyme, potentially acting as a PC (Fig. 2).40,56 More recently, crys-

tallographic studies have indeed demonstrated that binding of some

of these designed PCs to their target enzyme’s active site is analogous

to binding of the natural substrate.57 To date, all PCs that have been

identified for LSDs (Table 1) have been shown, or are inferred based

on structural similarity to key regions of the natural substrate, to

interact with the active site of the target protein. Importantly, this

rational design approach has led to the identification of three PC

clinical candidates for Fabry, Gaucher, and Pompe disease (Fig. 2;

Table 1),41 as well as providing starting points for further medicinal

chemistry efforts, which may lead to second-generation compounds

for these and other LSDs.

As with any therapeutic target, high-throughput screening (HTS)

of chemical libraries is also an important way to identify new lead

compounds for medicinal chemistry development. This approach is

particularly valuable because very often novel and unexpected

structures are identified which can lead to both a better under-

standing of binding interactions in the active site and to the identi-

fication of structures that may have improved properties over

Fig. 1. Schematic showing the key steps and activities that have been used to identify and char-
acterize pharmacological chaperones (PCs) for lysosomal enzymes.
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Fig. 2. Rational drug design of PCs for lysosomal enzymes. (A) Structural homology of DGJ and GL-3. The iminosugar DGJ has a high level of
structural homology with the terminal galactose of GL-3, the natural substrate of a-galactosidase (a-Gal A) that is deficient in Fabry
disease. Based upon this homology, it was hypothesized that DGJ could bind to the active site of a-Gal A and act as a PC.40 For DGJ and
related iminosugars, the nitrogen atom of the piperdine is analogous to the oxygen atom of galactose. The b-4-epi-valienamine carba-
sugars have also shown activity against a-galactosidases; however, this activity, as well as selectivity over other lysosomal enzymes, is
generally poor, with higher activity toward b-galactosidases and b-glucosidases seen with increasing chain length (i.e., R > C8).159 (B)
Structural homology of isofagomine (IFG) and glucosylceramide (GlcCer). The azasugar IFG is a mimic of GlcCer, the natural substrate of
acid b-glucosidase (GCase) that is deficient in Gaucher disease. It has been proposed that the azasugar core of IFG (with the nitrogen atom
replacing the anomeric carbon rather the oxygen) is responsible for the b selectivity of this compound, based on the geometries of
transition states for the two possible glycosidic bond cleavages.160 Similarly, the carbasugar N-octyl valienamine (R = C8H17) acts as a PC for
GCase.161 (C) Structural homology of 1-deoxynojirimycin (DNJ) and glycogen. Acid a-glucosidase (GAA), the enzyme that is deficient in
Pompe disease, cleaves the a1–4, and to a lesser extent a1–6, glycosidic bonds of lysosomal glycogen to release glucose. The iminosugar
DNJ contains a piperdine ring with an array of hydroxyl groups that closely resembles the terminal glucose unit of glycogen. This high level
of structural similarity allows DNJ to bind and stabilize GAA. As with other iminosugars, the a- versus b-glucosidase activity of DNJ is based
on a transition state mimetic in which the nitrogen atom is analogous to the oxygen atom of glucose.
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those obtained from a rational design approach. Recently, HTS assays

have been successfully utilized to identify novel PCs for a number of

lysosomal enzymes.58–61 These assays have typically measured PC

binding to the recombinant enzyme of interest using enzymatic in-

hibition assays or changes in physical stability.

Enzyme Inhibition Assays
For LSDs, the preferred intracellular location for interaction be-

tween target hydrolases and small molecule PCs is in the ER rather

than the lysosome. This distinction is important because all PCs

identified to date are reversible, competitive inhibitors of their target

enzymes. Ideally, a small molecule would bind with highest affinity

in the neutral pH environment of the ER to promote PC activity (i.e.,

binding and stabilization), and would then bind with lower affinity in

the acidic environment of the lysosome, thereby favoring dissocia-

tion and minimizing inhibition of the target enzyme. To this end, the

effect of pH on target lysosomal enzyme binding affinity has now

been described for a number of different PCs. For example, iso-

fagomine (IFG), a PC that targets acid b-glucosidase (GCase), the

enzyme that is deficient in Gaucher disease, binds with approxima-

tely sixfold higher affinity at pH 7.0 (concentration that yields 50% of

maximal inhibition [IC50] value *7 nM) compared with pH 5.2 (IC50

value *44 nM) (Fig. 3A). Similarly, other PCs that target GCase, as

well as PCs that target other lysosomal hydrolases (e.g., acid a-glu-

cosidase, b-hexosaminidase, and a-galactosidase A) have been

identified that demonstrate higher binding affinities at neutral pH

compared with acidic pH.58,62,63 These enzyme inhibition assays can

be configured using a variety of fluorogenic or chromogenic sub-

strates that are now commercially available. When feasible, these

assays should be conducted using purified recombinant enzymes, or

lysates from cells that highly overexpress the enzyme of interest to

minimize interference from related endogenous hydrolases that may

be present in crude lysed-cell preparations and that have activity

toward the artificial substrates. The selectivity of a PC can also be

interrogated via the development of assays for hydrolases that have

activities similar to the lysosomal enzyme of interest. While these

approaches optimally would use mutant enzymes, the ability to ex-

press and purify large quantities of these proteins has proven diffi-

cult; hence, wild-type enzymes have traditionally been used for these

purposes.

Assays to Measure Physical Stability
Various methodologies have been developed to monitor changes

in the physical stability of lysosomal enzymes as a function of pH,

temperature, and/or small molecule binding. For example, circular

dichroism and activity assays were used by Kelly and colleagues to

demonstrate the binding and stabilizing effects of small molecule

inhibitors on GCase as a function of temperature.64 Similarly, Petsko

and colleagues demonstrated small molecule-mediated stabilization

of GCase and a-galactosidase A (a-Gal A), the enzyme that is defi-

cient in Fabry disease, using differential scanning calorimetry.57 In

addition, reporter dyes that fluoresce when bound to exposed hy-

drophobic amino acids have been used to monitor the degree of

protein unfolding during thermal denaturation.62,65 In this assay,

the fluorescence signal is proportional to the quantity of probe

bound.66–68 Shifts toward higher melting temperatures (Tm) are seen

with compounds that bind and stabilize the target proteins, as shown

for GCase in the absence and presence to IFG (Fig. 3B). Any potential

small molecule PCs that are identified in these thermal stability

Fig. 3. Enzyme inhibition and thermal stability assays can be used
to characterize PCs for lysosomal enzymes. (A) Inhibition of re-
combinant human acid b-glucosidase (rhGCase) activity at pH 7
(endoplasmic reticulum pH) and pH 5.2 (lysosomal pH) as a func-
tion of IFG concentration. Inhibition of rhGCase activity by IFG was
measured with the fluorogenic substrate 4-methylumbelliferyl-b-D-
glucopyranoside (Sigma-Aldrich, St. Louis, MO). As seen in the
enzyme inhibition curves, IFG binds with approximately sixfold
higher affinity to rhGCase at neutral pH (circles) compared with
acidic pH (triangles). (B) Thermal stability scans of rhGCase in the
absence and presence of increasing concentrations of IFG. The
unfolding of rhGCase was monitored using SYPRO Orange (Sigma-
Aldrich). Binding of SYPRO Orange to exposed hydrophobic regions
of a denatured protein results in increased fluorescence. rhGCase
is physically more stable at acidic pH 5.2 (purple line) compared
with neutral pH 7.4 (black line) as evident by a higher melting
temperature at the lower pH. Likewise, as the concentration of IFG
is increased at pH 7.4, rhGCase becomes more resistant to thermal
denaturation (10 mM IFG, red line; 100mM IFG, green line).
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assays (i.e., via increases in the Tm) can subsequently be tested for

enzyme inhibition, assuming that an in vitro activity assay is avail-

able.

While thermal stability assays report on global protein stability,

hydrogen/deuterium exchange-mass spectrometery (H/D-MS), a

technique that examines local protein structure, stability, and dy-

namics by monitoring the average rates of deuteration, has become a

notable addition to drug discovery as improvements in the tech-

nique’s throughput capability have been achieved.69 Recently, Ma-

huran and colleagues used H/D-MS to probe binding and stabilizing

interactions of small molecule inhibitors of GCase.61 Although tra-

ditional enzyme inhibition-based methods were used to screen a

50,000 compound library for GCase inhibitors, H/D-MS was used as

an orthogonal approach to gain insight into the binding regions that

become stabilized upon ligand binding.

Assays to Measure Total Cellular Enzyme Levels
In addition to the properties described above, it is important to

assess the effect of the PC at the cellular level. It is imperative that the

PC readily penetrates both the plasma and ER membranes to allow

interaction with the newly synthesized mutant enzymes during

biosynthesis. The principle of the cell-based assay that has been

widely used to show that incubation with a PC can increase the total

cellular levels of the mutant enzyme (as measured by activity or

quantification of the enzyme’s protein levels in cell lysates) is out-

lined in Figure 4A. Cell-based assays that show increased total cel-

lular levels of the enzyme after incubation with a PC indicate that at

least the first steps in this process have been satisfied; that is, the PC

has penetrated the plasma and ER membranes, and has bound and

stabilized the mutant enzyme in the ER. These assays do not neces-

sarily indicate that the mutant enzyme has trafficked to the lysosome

and/or is able to metabolize endogenous substrate; for this, other

assays are necessary (see below).

Typically, primary fibroblasts or immortalized lymphoblastoid

cell lines (LCLs) that were derived from individuals diagnosed

with an LSD, such as Fabry, Gaucher, Pompe, Tay-Sachs, and

Sandhoff disease, have been used to develop cell-based assays for

PCs.40,62,65,70–76 While patient-derived dermal fibroblasts or LCLs

often require a relatively long period to permanently establish

(approximately 4–6 weeks for either cell type),77,78 they have

been successfully used to identify new PCs via HTS, and to support

lead optimization, as they are straightforward to maintain and

manipulate in culture.74,79 Further, in patient-derived cells that are

homo- or hemizygous for the disease-causing mutation, the effect

of the PC on the endogenous mutant form of the deficient enzyme

can be readily determined62,75 (Fig. 4B). Importantly, however, it is

more challenging to identify PC-responsive mutant forms when

using cells derived from patients that are heterozygous for two

different mutant alleles, as it is difficult to interpret which mutant

forms are expressed and responsive to the PC (see Pharmacoge-

netics section below).80

Two analytical methods have been extensively used to assess en-

zyme levels in the lysates from cells that were incubated with a

PC, namely, western blotting and enzyme activity assays. Western

blotting allows direct detection of the target enzyme protein levels

based on molecular weight.81,82 The amount of total cell lysate, choice

and concentration of antibodies, and choice of detection method

(basic chemiluminescence, enhanced chemiluminescence, fluores-

cence, etc.) require optimization for sensitivity and for linearity of the

concentration range of the target protein and the internal control

protein. Importantly, the optimized conditions for measuring enzyme

protein levels may be different for different mutant forms of an en-

zyme, or for the same form of the enzyme at baseline and after in-

cubation with the PC. Western blotting has been used to clearly show

increased total cellular levels of mutant forms of a-Gal A, GCase, acid

a-glucosidase, b-hexosaminidase, and other enzymes after incuba-

tion with PCs in a variety of different cell types.59,62,71,75,76,83,84 More

recently, different mutant forms of b-galactosidase were conjugated

to dinoflagellate luciferase. Heterologous expression was then used to

show PC-mediated increases in mutant enzyme levels via measure-

ment of the associated luciferase activity in cell lysates. This approach

has the potential to serve as an alternative to western blotting.85 These

approaches do provide information on total cellular enzyme levels,

Fig. 4. Assays to measure total cellular levels of lysosomal en-
zymes. (A) Principle of the cell-based assay. (B) DGJ increases a-
galactosidase A (a-Gal A) levels in lymphoblastoid cell lines that
were derived from normal human volunteers and Fabry patients.
Representative a-Gal A activity in lysates from lymphoblasts
(measured using 4-methylumbelliferyl-a-D-galactopyranoside
[Sigma-Aldrich]) that were incubated with increasing concentra-
tions of DGJ are shown. DGJ increased the levels of normal
(inverted triangles), R301Q (triangles), and N215S (circles) a-Gal A,
but had no effect on R227Q (squares) a-Gal A. These data dem-
onstrate the varying degrees of correction that can be obtained for
different mutant forms of a lysosomal enzyme, as well as the
varying concentrations of PC that may be required. Color images
available online at www.liebertonline.com/adt
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but they do not provide any information as to whether these increased

levels translate to increased activity.

The potential for a PC to have therapeutic efficacy in an LSD is

minimally dictated by its ability to increase the total cellular activity

of the mutant enzyme. For this purpose, the enzyme activity in ly-

sates from cells incubated with the PC has commonly been measured

using artificial, fluorogenic substrates (Fig. 4B).40,62,71,74–76 The en-

zyme activity is measured by mixing the cell lysate with exogenous

substrate in a buffer that has been optimized for pH and other

components necessary for the catalytic function of the target enzyme

(as lysosomal hydrolases tend to have highest activity at acidic pH,

these assays typically utilize low pH buffers to minimize metabolism

of these artificial substrates by related cellular hydrolases that have

higher pH optima). Importantly, lysate concentration and reaction

time should be sufficiently sensitive to detect the often small quan-

tities of product that are formed, and should be linear for product

formation with respect to time and enzyme concentration. Again, the

optimized conditions for measuring enzyme activity may be different

for different mutant forms of an enzyme, or for the same form of the

enzyme at baseline and after incubation with the PC. As such, studies

that survey large numbers of mutant forms of a lysosomal enzyme

and/or that investigate the concentration-dependence of the PC re-

sponse may require the activity measurements to be conducted under

several different conditions.86

It should also be noted that these cell-based assays alone cannot

distinguish whether the elevated cellular enzyme levels are caused by

a PC-mediated mechanism of action or via an alternate pathway or

mechanism, thus necessitating the use of parallel assays such as

thermostability or enzyme inhibition as discussed above.74 These

complementary assays often utilize recombinant wild-type enzymes,

as opposed to the cell-based assays that typically assess the effect of a

PC on the endogenous mutant form of the enzyme. Hence, differences

in compound affinity for wild-type versus mutant forms of a lyso-

somal enzyme can contribute to differences in the rank order of

potency or efficacy between these assays. To circumvent these po-

tential differences, the effects of PC incubation on fibroblasts or LCLs

that were derived from normal individuals have been assessed in

some cases. While the folding and trafficking of some wild-type ly-

sosomal enzymes, like other proteins, can be inefficient,87 the relative

increase in wild-type enzyme activity that can be typically achieved

with a PC is often substantially lower than that achieved for the

mutant enzymes (Fig. 4B),70,74,75 thereby limiting the sensitivity and

signal-to-noise of this approach.

As all currently described PCs are reversible, competitive inhibi-

tors of their target lysosomal enzymes, washout of a PC from cells

may be necessary before cell lysis and assay to ensure that enzymatic

activity is accurately measured. Carryover of residual PC into the

enzymatic assay may interfere with the activity measurement,

thereby masking the detection of increased enzyme levels. This

phenomenon has been seen with wild-type and some mutant forms

of a-Gal A, the enzyme deficient in Fabry disease, as well as with

wild-type acid a-glucosidase (GAA), the enzyme deficient in Pompe

disease, after incubation with high concentrations of the PCs

1-deoxygalactonojirimycin (DGJ) and 1-deoxynojirimycin (DNJ),

respectively.62,83,84 Residual PC also was found to be a significant

technical barrier to showing increased activity for mutant L444P

GCase in Gaucher patient fibroblasts incubated with IFG.76 In the

latter case, this hurdle was overcome with procedures designed

to reduce IFG carryover into the enzymatic assay, including

glycoprotein-enrichment, GCase-immunocapture, and overnight

incubation of cells in IFG-free media before assay.76 Although the

technically simplest approach is to provide an extended incubation

time in the absence of PC to achieve a more complete washout, this

timeframe can be limited by the half-life of the enzyme that has been

chaperoned by the PC. As such, the PC washout time must be suffi-

ciently shorter than the time required for the increased enzyme level

to return to baseline. In many cases, the half-life of the mutant en-

zyme is shorter than the half-life of the wild-type enzyme.75,88 In

addition, the half-life of the wild-type enzyme may vary somewhat

from reported values due to differences in specific experimental

conditions, such as cell type or cell growth conditions.88,89 Thus, to

determine the PC responses of many different mutant forms of a

lysosomal enzyme, evaluation of a range of PC concentrations and

washout times was necessary to show a response to the PC.75 Even if

the final assay to measure the cellular levels of the enzyme is not an

activity assay, or the PC is designed to bind to an allosteric site to

minimize inhibition of enzymatic activity (see section Considerations

for the Therapeutics Use of Pharmacological Chaperones),90,91 ex-

cessive concentrations of PC should, nonetheless, be avoided. As with

any small molecule that has pharmacological activity, exceedingly

high concentrations may lead to nonspecific effects on other enzymes

or cellular components, potentially affecting growth and viability of

the cells, and thereby affecting the results of the experiment.

Assays to Measure Lysosomal Enzyme Trafficking
Subsequent to determining if a PC is able to elevate total cellular

levels of its target enzyme, the ability of the PC to promote lysosomal

trafficking requires evaluation. Screens for effective PCs should in-

clude assays for monitoring improvements in trafficking of target

proteins, such as subcellular fractionation, proteolytic processing,

glycan processing, and/or imaging-based subcellular localization.

Subcellular fractionation is the classical cell biological method for

monitoring protein trafficking. The method involves homogeniza-

tion of cells, isolation of organelle and membrane fractions (by

ultracentrifugation, magnetic beads, etc.), and analysis of protein

content by western blotting and/or enzyme activity coincident with

established organelle-specific markers. Studies of mutant proteins in

LSDs have used this approach to examine defects in trafficking, as

well as PC-mediated improvements.40,49,70,76 However, the subcel-

lular fractionation method can present technical challenges, such as

the requirement for large amounts of cells ( > 106) and the high po-

tential for incomplete separation of subcellular components. These

challenges make adaptation into higher throughput formats difficult

and often infeasible.

As an alternative, proteolytic processing of precursor target pro-

teins into mature forms can be used as an indirect marker for protein
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trafficking, provided that the processing is coupled to trafficking. For

example, GAA is synthesized in the ER as a 110-kDa glycoprotein

precursor and is proteolytically processed into 70- and 76-kDa ma-

ture forms upon transport through the Golgi to lysosomes.92–94 Thus,

this maturation process has been used to monitor (via western blot-

ting) improvements in trafficking of GAA after incubation with

PCs.62,72,73 Proteolytic processing has also been seen for a number

of other lysosomal enzymes, including a-mannosidase,95 GCase,95

b-glucuronidase,96 a-fucosidase,97 b-hexosaminidase,98 and oth-

ers,99–101 and thus could be used to monitor their trafficking as well.

Monitoring proteolytic processing may also be adaptable to high-

throughput methodologies. For example, antibodies specific to the

mature forms of GAA102 could be used to develop high-throughput

enzyme-linked immunosorbent assays that detect PC-mediated in-

creases in the mature forms.

Similarly, glycan processing of lysosomal enzymes has been used

as a marker for protein trafficking. As glycosylated proteins traffic

through the secretory pathway, their glycan chains are modified and

remodeled by resident glycosyltransferases and glycosidases.103 In

principle, such changes can be detected by protein glycosylation

analysis.104 For example, the glycan chains of GAA undergo exten-

sive processing as the enzyme traffics through the secretory pathway;

however, the glycan processing of GAA can be quite heter-

eogenous,93 making it difficult to unambiguously detect trafficked

GAA. Nevertheless, this type of approach may also be adapted into

high-throughput methods in theory, provided glycan processing of

the target is relatively homogeneous. In that case, antibodies or

lectins that recognize the processed glycan of interest could be used

to develop plate-based methods to monitor enzyme trafficking in the

absence or presence of potential PCs.

Perhaps the most robust method for monitoring protein traffick-

ing is imaging-based subcellular localization. This method utilizes

fluorescence-based microscopy to simultaneously monitor the target

enzyme within the cell (via target-specific antibodies or genetically

encoded tags) and organelle-specific markers. Studies of lysosomal

enzyme trafficking typically monitor lysosome-associated mem-

brane protein-1, a lysosomal-resident transmembrane protein,105 as

a marker for colocalization. Moreover, many investigators have used

this approach to examine aberrant trafficking of mutant enzymes

and the subsequent restoration of normal trafficking after incubation

of cells with candidate PCs.49,58,62,72,73,76,106–108 Recent technologi-

cal and analytical advances, such as the development of several

high-content imaging platforms capable of monitoring cells in 96-

and 384-well formats, have made fluorescence-based microscopy

amenable to screening large compound libraries for candidate

PCs.109,110

Assays to Measure In Situ Lysosomal Enzyme Activity
Using Artificial Substrates

The cell-based assays highlighted above indicate the cellular lo-

cation of mutant enzymes before and after incubation with a PC.

However, an important concern in the successful development of a

PC is target inhibition by candidate compounds. In an ideal situation,

PCs would act purely as agonists or activators, stabilizing mutant

enzymes, correcting folding defects, and stimulating activity. How-

ever, all PCs identified to date bind to the active sites of their target

enzymes and act as reversible, competitive inhibitors (described

above). Selecting for compounds that are effective chaperones but

weak inhibitors in vitro would greatly aid in the development of good

development candidates.

As discussed above, one approach to reduce chaperone inhibi-

tion in the lysosome is to select for compounds that have higher

affinity for their target enzyme in the ER, compared with the af-

finity in the lysosome. An alternate and complementary approach

is to select for compounds that rapidly leave the lysosome (and the

cell) after the mutant enzyme has trafficked to the lysosome. An

enzyme assay that measures activity in the lysosomes of intact,

living cells (i.e., in situ) can be employed for both of these

approaches. With an in situ enzyme activity assay, the potency of

inhibition can be measured for potential PCs in the lysosome, with

candidates that show lower potency for inhibition receiving a

higher priority during the selection process. An in situ enzyme

assay can also measure inhibition as a function of time after

compound removal. This application of the assay can provide a

surrogate measure of compound efflux from the lysosome, with

candidates that show faster efflux rates also receiving a higher

priority during screening.

To date, in situ enzyme activity assays have been developed for a

number of lysosomal enzymes, including GCase,111–117 a-Gal

A,118,119 b-hexosaminidase,120,121 and b-galactosidase.122 For

GCase, in situ assays have been developed using a number of dif-

ferent substrates.111–117 Most of these assays use fluorogenic sub-

strates that enter the cell, presumably through fluid phase

endocytosis, and are hydrolyzed by GCase within the endosomal/

lysosomal system. These substrates were developed as tools for

measuring enzyme activity in cells isolated from Gaucher patients,

and have also been used to determine postinfusion uptake levels of

recombinant human GCase during ERT.123 An in situ activity assay was

also recently developed to measure the rate of lysosomal efflux of

the Gaucher PC IFG utilizing the substrate 5-(pentafluorobenzoyl-

amino)fluorescein-di-b-D-glucopyranoside (PFBF-b-glucose).70 The

advantage of this substrate is that the enzymatically liberated PFBF

fluorophore is rapidly conjugated to thiol groups124 and remains trap-

ped inside the cell during the assay period.113 This trapping permits

detection of activity within lysosomes by fluorescence microscopy (Fig.

5A), as well as within cells by conventional fluorescence plate readers

and flow cytometry.

In addition to measuring efflux rates, the in situ GCase assay has

also been used to characterize the potency of lysosomal GCase in-

hibition by IFG. IFG inhibits lysosomal GCase activity with an IC50

value of *280 nM (Fig. 5B). This is substantially lower affinity than

discussed above using purified enzyme in a cell-free GCase inhibition

assay (*44 nM at pH 5.2), suggesting the potential for even less IFG-

mediated inhibiton in an intact cell. As mentioned earlier, screens

for future PC candidates for Gaucher disease can use in situ assays

to select for compounds with reduced potency of lysosomal GCase
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inhibition. Compounds with lower potency would be preferred for

further development.

Several studies have used an alternative method to measure GCase

activity in intact cells.125–127 Unlike the in situ methods described

above that use physiological culture media as vehicle for the

fluorogenic substrate, this method calls for the incubation of cells

with a 1:1 (v/v) mixture of PBS (pH 7.2) and 0.2 M acetate (pH 4.0)

followed by addition of 4-methylumbelliferyl-b-glucopyranoside.127

This method most likely reflects enzyme activity that has been

liberated by cell lysis rather than activity within intact cells, since

the original description of the method showed that acetate buffer

treatment of fibroblasts gave similar levels of enzyme activity as

the use of freeze/thaw or detergent lysis methods.128 Similarly,

low pH can reduce viability and membrane integrity of dermal

fibroblasts.129

In addition, investigators have developed in situ assays for mea-

suring the lysosomal activity of a-Gal A,118,119 b-hexosaminidase,121

and b-galactosidase,120,122 the enzymes deficient in Fabry disease,

GM2 gangliosidosis, and GM1 gangliosidosis, respectively. For b-

galactosidase in particular, a number of substrates that are suitable for

the development of in situ assays are commercially available

(www.invitrogen.com/site/us/en/home.html). Such assays could also

be useful for disease diagnostics and as screening tools for candidate

PCs for each of these targets.

As a cell-based fluorescence method, an in situ enzyme activity

assay would be highly amenable to adaptation for HTS, depending on

the enzyme levels in the cell type used and on whether inhibition or

efflux is the desired endpoint. For cell types with high enzyme levels,

in situ assays can be performed with most conventional fluorescence

plate readers. For cell types with lower enzyme levels, high-content

imaging platforms would be more appropriate for measuring corre-

spondingly low activity levels. Moreover, high-content platforms

can also assess the subcellular location of activity if organelle

markers (such as Lysotracker Red; Molecular Probes, Eugene, OR) are

also present. Inhibition assays would be readily adaptable as well,

since they can be configured as homogeneous assays. Efflux assays

present more of a challenge for high-throughput adaptation, since

PC-containing medium needs to be removed and the cells incubated

for some length of time post-removal.70

Assays to Measure Endogenous Substrate Levels
As an alternative to the development of an in situ assay that uti-

lizes an exogenous artificial substrate, the ability of a PC to reduce

endogenous substrate that has accumulated in patient-derived cells

has also been investigated. Due to the complexities involved with this

type of in situ cell-based assay, decreased levels of endogenous

substrate in cultured cells in response to a PC have been shown only

for the deficient enzymes associated with two LSDs, namely, Fabry

and Gaucher disease.

In fibroblasts isolated from Fabry patients that express different

mutant forms of a-Gal A, lysosomal levels of the substrate globo-

triaosylceramide (GL-3) were measured by double-labeling immu-

nofluorescence confocal microscopy and quantification using

monoclonal antibodies specific for GL-3 and mouse lysosome-

associated membrane protein-1.49,130 Continuous incubation with

DGJ (20mM) decreased lysosomal GL-3 staining over time, with

*50% maximum reductions seen after 6 days that were maintained

for up to 100 days. Surprisingly, DGJ washout was not required to

show this effect. Importantly, two of the cell lines that showed re-

duced GL-3 levels in response to DGJ expressed the R301Q and T194I

missense mutant forms of a-Gal A, both of which have also shown

Fig. 5. In situ assay for GCase activity reveals inhibition of lyso-
somal GCase by IFG. (A) The in situ substrate 5-(penta-
fluorobenzoylamino)fluorescein-di-b-D-glucopyranoside (PFBF-b-
glucose; Invitrogen, Carlsbad, CA) is specifically hydrolyzed by
lysosomal GCase within the intact cell. Human skin fibroblasts with
wild-type levels of GCase were incubated with PFBF-b-glucose
(500 mg/mL for 1 h at 37�C) in the absence or presence of con-
duritol-B-epoxide (0.25 mg/mL; Sigma-Aldrich), a selective, irre-
versible GCase inhibitor. Liberated PFBF fluorophore is evident as
puncta throughout the cell (green) in untreated cells and is almost
completely absent in cells incubated with conduritol-B-epoxide;
nuclei are stained with Hoescht 33342 (Invitrogen) (blue). (B) IFG
acts as a potent inhibitor of GCase. Lysosomal GCase activity
was measured in situ in normal human skin fibroblasts incubated
for 18–24 h with increasing concentrations of IFG, followed by
PFBF-b-glucose (500 mg/mL for 1 h at 37�C). Four independent
concentration–inhibition experiments are shown; the mean in situ
concentration that yields 50% of maximal inhibition – SEM value
for all experiments is indicated.
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increased cellular activity after incubation with DGJ.40,75,130 Cur-

iously, the same effect was also seen in Fabry fibroblasts with

nonsense mutations (V390fsX8 and Q357X) that do not show in-

creased cellular a-Gal A activity after incubation with DGJ.49,130

Additionally, transient transfection of HEK-293 cells with cDNAs

for these same two nonsense mutations showed no measureable

baseline a-Gal A activity and no a-Gal A response (unpublished

results). While encouraging for DGJ as a potential treatment for

Fabry disease, these results, particularly those in the nonsense

mutant cell lines, are difficult to interpret as a genuine PC effect

that leads to restored lysosomal a-Gal A activity in these cells. In

separate studies, total cellular GL-3 levels in Fabry fibroblasts

seeded in 96-well microtiter plates were semiquantified using dual-

immunolabel infrared fluorescence imaging and were normalized

to actin levels.75 In fibroblasts with the DGJ-responsive mutant

forms R301Q and L300P, 7-day incubation with DGJ followed by

3-day washout resulted in concentration-dependent maximal re-

ductions in GL-3 levels of 45% and 38%, respectively. In contrast,

continuous 10-day incubation with DGJ did not significantly re-

duce GL-3 levels in these cells. As expected, Fabry fibroblasts with

a nonresponsive mutant form, C52S, also showed no reduction in

GL-3 levels after DGJ incubation with or without washout. Thus,

although the requirements for achieving decreased GL-3 levels in

cells from the two studies differed, particularly with respect to the

need for PC washout and the expression of a DGJ-responsive

mutant form of a-Gal A, the combined results do indicate that

incubation of some Fabry patient cell lines with DGJ can restore

lysosomal a-Gal A function.

Similarly, levels of the endogenous substrate GlcCer were mea-

sured from cell pellets after solid phase extraction and liquid

chromatography mass spectrometry in four different Gaucher pa-

tient cell lines that were homozygous for L444P GCase.76 All four

cell lines showed elevated baseline levels of GlcCer as compared

with normal control cells as well as increased cellular GCase ac-

tivity after incubation with IFG. Glucosylceramide levels were

reduced 23% to 50% after 7-day incubation with IFG (30 mM) and

3-day washout. Incubation with IFG for 10 days did not reduce

GlcCer levels, whereas the positive control SRT, Zavesca, signifi-

cantly decreased GlcCer levels up to 75%. Importantly, this study

provided the first proof of concept for a PC-mediated restoration of

lysosomal GCase function on endogenous substrate in cells derived

from a Gaucher patient. Hopefully, these cell-based results for

GCase, as well as for a-Gal A, will be extended to other mutant

forms of these enzymes in the future and may serve as basic

starting points for the design of new cell-based assays to assess the

effects of PCs on endogenous substrate levels in cell lines derived

from patients with other LSDs.

Assays that show decreased levels of the endogenous substrate in

enzyme-deficient cells after incubation with a PC indicate that the

function of the enzyme in the lysosome has been successfully re-

stored. In combination with supportive results from the assays de-

scribed above, restoration of in situ lysosomal enzyme function adds

further support that the molecule acts as a PC for its intended enzyme

target. Such results would thus warrant further evaluation of the

bonafide PC in preclinical animal models, and ultimately in patients

with the LSD.

PRECLINICAL IN VIVO ASSESSMENT
OF PHARMACOLOGICAL CHAPERONE ACTIVITY
Pharmacokinetics, Tissue Distribution, and Effects
on Wild-Type Enzymes

In contrast to ERT, PCs have the potential for oral bioavailability

and broad tissue distribution, including the CNS. Subsequent to the

in vitro mechanistic and pharmacological studies described above, the

pharmacokinetic properties and importantly the tissue distribution

profile should be assessed to determine if the PC is orally available, and

to ensure that it distributes to and achieves sufficient levels in tissues

relevant to the LSD being treated. Importantly, administration of the

PC at doses that achieve clinically relevant exposures in animals

should result in cellular and tissue concentrations that allow binding to

the mutant form of the hydrolase. In addition, the PC should be cleared

from these cells and tissues in a relatively short period (preferably

hours). Sensitive analytical techniques, such as mass spectrometry,

have been used to measure the tissue concentrations of two PCs, IFG

and DGJ, in wild-type mice.76,131 Both molecules showed high oral

bioavailability and broad tissue distribution including the CNS. In

addition, high tissue concentrations were achieved for both molecules

after oral administration, indicating the potential for interaction with

their intended targets in vivo. Lastly, both molecules were cleared from

tissues with half-lives of less than 6 h, an important parameter to

ensure that the PC quickly attains low tissue levels and dissociates from

the enzyme, thereby allowing the enzyme to interact with and turn

over accumulated substrate (see below).

In some circumstances, wild-type mice can be used to investigate

whether a PC interacts with its intended target in vivo. The synthesis

and folding of some wild-type lysosomal enzymes in the ER and

subsequent trafficking through the secretory pathway are not 100%

efficient (i.e., only a fraction of the total synthesized enzyme is ul-

timately delivered to lysosomes).87 In these cases, a PC may stabilize

the wild-type enzyme, thereby increasing tissue levels in vivo, a

situation that is analogous to that described above for normal cells

(Fig. 4B). This approach can also be used to indirectly monitor the

tissue distribution of a PC, as elevated wild-type enzyme levels can

provide a surrogate readout for biodistribution of the small molecule.

As an example, the effects of IFG were investigated on wild-type

GCase levels using C57BL/6 mice (Fig. 6A). Administration of IFG for

4 weeks resulted in dose-dependent and significant increases in

GCase activity in tissues relevant to Gaucher disease, including liver,

spleen, lung, and brain. Importantly, IFG administration did not af-

fect the tissue levels of two other lysosomal hydrolases, a-Gal A and

GAA (data not shown). Taken together, these data clearly indicate

that IFG is orally available, has broad tissue distribution, including

the brain, and interacts specifically with wild-type GCase in vivo.

Similar results with DGJ and DNJ on a-Gal A63 and GAA,132 re-

spectively, have been seen in wild-type mice. In cases where animal

models for particular LSDs are unavailable, inappropriate, or are
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Fig. 6. IFG increases wild-type GCase levels in animals and in humans. (A) Effect of IFG on wild-type mouse GCase. Eight-week-old male C57BL/6
mice were administered IFG ad libitum in drinking water for 4 weeks at the indicated doses. Animals were sacrificed and GCase activity was
measured in tissue lysates as previously described using 4-methylumbelliferyl-b-D-glucopyranoside (Sigma-Aldrich).76 Dose-dependent and
significant increases in GCase activity (*P < 0.05 vs. untreated, t-test) were seen in all four disease-relevant tissues. The data presented have
been normalized to untreated levels and represent the mean – SEM of 7 mice per group. Baseline tissue GCase activities were 70 – 4, 80 – 5,
37 – 2, and 40 – 42 nmol 4-methylumbelliferone/mg protein/h, in liver, spleen, lung, and brain, respectively. Animal husbandry and all in vivo
experiments in mice were conducted under Institutional Animal Care and Use Committee–approved protocols. (B) Effect of IFG on normal human
GCase. IFG was orally administered to healthy human volunteers once daily for 7 days at 25 mg (squares), 75 mg (triangles), or 225 mg (inverted
triangles) as indicated. Blood was drawn on days 1 (predose), 3, 5, 7, 9, 14, and 21 for preparation of mononuclear cells. Cell lysates were used to
measure GCase activity via 4-methylumbelliferyl-b-D-glucopyranoside hydrolysis. A time- and concentration-dependent increase in cellular
GCase levels was observed, which persisted for up to 1 week after IFG withdrawal. Each point on the graph represents the mean – SD from 6
subjects administered IFG, or 2 subjects administered placebo (circles). Institutional review board approval was obtained for all centers involved
in the human studies and all subjects gave written informed consent to participate. Color images available online at www.liebertonline.com/adt
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limited in number (lack of fertility, longevity, inability to thrive, etc.),

the use of wild-type mice may provide a quick, reliable, and cost-

effective way to evaluate the pharmacodynamic effects of a PC.

Similarly, the ability to monitor the cellular levels of wild-type

lysosomal enzymes has been instrumental in demonstrating a

pharmacodynamic effect for PCs in the clinical setting. In Phase 1

studies, administration of IFG to healthy volunteers once daily for 7

days resulted in a time- and dose-dependent increase in GCase levels

in peripheral blood mononuclear cells that were collected via routine

blood draws periodically during the treatment period (Fig. 6B).133

GCase levels were elevated up to 3.5-fold compared with baseline

levels, and remained elevated for up to 7 days after withdrawal of

IFG. These data clearly indicate that IFG can interact with its intended

target in humans, and that this interaction results in stabilization and

increased GCase levels in vivo. Similar results have been demon-

strated in Phase 1 studies with DGJ.134

Animal Models and Dose Optimization
In addition to the properties described above, the ability of a PC to

restore enzymatic activity in the lysosomes of disease-relevant tis-

sues also needs to be evaluated. Several mouse models for LSDs have

been generated that can be used for testing and optimizing admin-

istration regimens for PCs. Importantly, these models express mis-

sense mutant forms of particular lysosomal enzymes that have been

previously shown to respond to PC incubation in vitro. Further, these

models express the mutant proteins on genetic backgrounds that lack

endogenous, wild-type murine enzymes. Preferably, the expressed

enzyme is a mutant form associated with human disease, and most

preferably the model shows disease pathology similar to that seen in

patients.4 Unfortunately, however, some of the mouse models for

LSDs that are useful for evaluating PCs (i.e., express a missense

mutant form of the enzyme) do not recapitulate the hallmarks as-

sociated with human disease. However, these can still serve as

excellent biochemical models for monitoring the effects of the

PC on enzyme and/or substrate levels in disease-relevant

tissues.76,131,135,136 Mouse models that are currently available and

relevant to the study of PCs for LSDs are presented in Table 2.

Given that the current set of PCs compete with endogenous sub-

strates for binding to the active sites of lysosomal enzymes, it is

necessary to optimize the administration regimen to provide periods

of binding and stabilization for chaperoning, followed by ‘‘off’’ pe-

riods for dissociation and clearance of the PC to maximize lyso-

somal enzyme in situ activity and substrate turnover. This is partially

achieved by the reduced binding affinity between the PC and lyso-

somal enzyme as it traffics from the ER to the acidified lysosome

(discussed above). In addition, high lysosomal concentrations of

stored substrate help prevent reassociation of the PC to the enzyme

once it has dissociated. Also important, however, is the difference in

the tissue half-lives of the PC and the rescued mutant lysosomal

enzyme. While PCs typically have relatively short tissue half-lives

(on the order of hours), many mutant lysosomal enzymes are stable

once delivered to the lysosome, often having lysosomal half-lives

that can be similar to wild-type enzymes (typically days).75,88 Hence,

detailed tissue distribution studies as described above are necessary to

determine the quantity of PC delivered to disease-relevant tissues and

the kinetics for distribution and clearance. Further, determination of the

tissue half-life of the rescued lysosomal enzyme can be conducted in

patient-derived cells, or ideally in relevant animal models. Taken to-

gether, this information can be used to design administration regimens

that maximize lysosomal enzyme activity and substrate reduction.

To this end, we recently generated a mouse model that expresses

low levels of a PC-responsive mutant form of human GAA,

P545L62,72,73 on a GAA knock-out background (hP545L GAA

transgenic [Tg]/knockout [KO] mice).132 Importantly, these mice

show progressive accumulation of glycogen in tissues that are rele-

vant to Pompe disease, including the heart and skeletal muscles.137

Daily administration of the small molecule PC DNJ for 4 weeks to

these mice significantly increased mutant GAA levels in skeletal

muscle, which remained elevated above baseline levels for up to 7

days after DNJ withdrawal (Fig. 7A). The measured half-life of ele-

vated hP545L GAA in these mice was significantly longer than that of

DNJ, indicating that elevated hP545L GAA is stable in the absence of

the PC. This difference was used to devise administration regimens

that could produce large net gains in lysosomal GAA activity, as

measured by the reduction in tissue glycogen levels. In this case,

daily administration of DNJ for four consecutive days provided an

‘‘ON’’ period during which time enhanced protein stabilization and

trafficking to lysosomes occurs, followed by a 3-day ‘‘OFF’’ period

during which time DNJ dissociates from the enzyme and is cleared

from the tissue to provide maximal in situ enzyme activity. Four

cycles of this ‘‘4 ON/3 OFF’’ regimen yielded a twofold greater re-

duction in tissue glycogen levels as compared with daily adminis-

tration (Fig. 7B), and importantly, utilized *40% less drug. In

previous studies, similar strategies were used to maximize the in situ

activity of mutant a-Gal A by DGJ in Fabry patient-derived cells75

and in a mouse model of Fabry mouse,131 as well as mutant GCase by

IFG in Gaucher patient-derived cells.76

In the models described above, phenotypic similarity to human

clinical presentation is lacking. However, in the case of GM1 gang-

liosidosis, a mouse model that expresses a hR201C missense mutation

on a b-galactosidase-deficient background does show some neuro-

logical and behavioral deficits that are similar to those seen in

patients.138 Administration of increasing doses of the b-galactosi-

dase-selective PC N-octyl-4-epi-b-valienamine (NOEV) for 7 days to

these mice increased b-galactosidase activity and decreased GM1

ganglioside levels in brain. Most importantly, 3- to 5-month ad-

ministration of NOEV to 2-month-old mice prevented neurological

deterioration as measured by a series of assays, including gait, pos-

ture (forelimb, hindlimb, trunk, and tail), avoidance response, rolling

over, parachute reflex, and horizontal/vertical wire netting.139

In addition to mouse models, a number of other small and large

animal models of LSDs have arisen from spontaneous mutations

(Table 2). While the large animal models may be advantageous for the

study of PCs due to their heterogeneous genetic backgrounds and

phenotypes that often more closely mimic human disease, as well as

their size and longevity that allow multiple and frequent samples to be
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drawn from the same animals over long periods, they generally are not

practical for the types of preclinical dose optimization studies de-

scribed above, as these studies typically require large numbers of an-

imals and broad dose ranges (that necessitate significant quantities of

drug). However, we believe that the knowledge gained through the

dose optimization studies using mouse models of Pompe and Fabry

disease could be applied to mouse models of other LSDs, and could be

extended to larger species in more focused studies designed to evaluate

the long-term effects of PCs on clinically-relevant endpoints.

CONSIDERATIONS FOR THE THERAPEUTIC
USE OF PHARMACOLOGICAL CHAPERONES
Pharmacogenetics

Mutational heterogeneity represents a significant barrier to the

development of therapies for inherited diseases. In many instances,

the outcome of the genetic mutation on the transcribed protein is

fairly easy to predict. For example, the presence of a premature stop

codon early in the transcript could lead to a truncated enzyme that,

even if delivered to the lysosome, would be unlikely to bind and

metabolize substrate. In contrast, missense mutations that result in

the substitution of a single amino acid in the encoded protein theo-

retically could have a number of effects: (1) loss of stability or mis-

folding, thus preventing folding into the native state and/or

interfering with normal trafficking to the lysosome; (2) compromised

formation or structure of the active site, thus substantially lowering

affinity for, or completely abolishing the ability to bind, substrate; (3)

compromised activity, thus preventing or substantially reducing the

ability to metabolize substrate; (4) altered protein structure outside

the active site, thus affecting domains that interact with other sub-

units and/or cofactors necessary for function. Mutant lysosomal

enzymes that have compromised stability, but that retain catalytic

competency, are most likely to be responsive to a PC. Mutant forms

that are catalytically inactive, unable to bind substrate, cannot be

effectively stabilized by a small molecule due to severe folding

Table 2. Animal Models of LSDs Amenable to Evaluating Pharmacological Chaperones

Animal Model

Disease Deficient Enzyme Mutation Species References

Fabry disease a-Galactosidase A hR301Q TgM GLA KO mouse 136

hR301Q Tg GLA KO mouse 131

hR301Q TgG3S( + / - )M( + / - ) GLA KO mouse + GB3 synthase 188

Gaucher disease b-Glucocerebrosidase mL444P KI mouse 189, 190

mV394L KI mouse 191

mD409H KI mouse 191

M4L/PS-NA mV394L KI mouse crossed with prosaposin KO

mouse (PS-NA)

192

M9H/PS-NA mD409H KI mouse crossed with prosaposin KO mouse 192

C381Y/P467L Sheep (spontaneous mutation) 193

Pompe disease Acid a-glucosidase hP545L Tg GAA KO mouse 132

1639delG Japanese quail (spontaneous

mutation)

194

Tay Sach’s disease b-Hexosaminidase A P4694L Flamingo (spontaneous mutation) 195

GM1 gangliosidosis (Morquio B) b-Galactosidase hR201C Tg GLB1 KO mouse 138

Krabbe disease Galactocerebrosidase mH168C Mouse (spontaneous mutation) 196

cC158S Dog (spontaneous mutation) 197

MPS IIIA (Sanfillippo disease) a-N-Acetylglucosaminidase mD31N Mouse (spontaneous mutation) 198, 199

MPS VI (Maroteaux-Lamy) N-Acetylgalactosamine-4-sulfatase fL476P Cat (spontaneous mutation) 200

KO, knockout; KI, knockin; Tg, transgenic.
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deficiencies, or that have gross alterations in structure, are unlikely to

respond to a PC. Before testing a PC in a clinical setting, it is im-

portant to first clearly understand the nature of the molecular defect

and its functional consequences in vitro. Efforts should then be fo-

cused on those mutant forms that are trafficking-defective and

functionally rescuable, and hence define the potentially responsive

patient population. In recent years, this has been accomplished using

several approaches.

Patient-derived cells that are either homo- or hemizygous for a

disease-causing mutation have been utilized to monitor the effects of

PCs on the single mutant form that is expressed. For instance, a cell

line that was derived from a Pompe patient homozygous for P545L

GAA was responsive to the PC DNJ.62 Similarly, in cell lines derived

from male Fabry patients, the measured a-Gal A responses to a PC are

straightforward to interpret because Fabry disease is X-linked and

males are hemizygous for the disease-causing mutation (i.e., only

one mutant form is expressed) (Fig. 4B).75 Technically, however,

patient-derived cell lines often require a relatively long period of

time to establish (approximately 4–6 weeks),77,78 making this an

inefficient ex vivo screening tool to quickly select patients for treat-

ment with a PC. In contrast, differentiated T-cell cultures derived

from a patient’s peripheral blood mononuclear cells require only 4–

10 days to establish and 3 days to test; thus, this approach has been

successfully used to support Fabry patient selection for treatment

with DGJ in Phase 2 clinical trials.83,84

While cell lines derived from patients that are heterozygous for

two different mutant alleles have proven useful to investigate the

effects of PCs, it is not possible to determine which of the two ex-

pressed mutant forms is responsive. This is problematic because

many of the patients with diseases that are autosomal recessive, such

as Gaucher, have complex genotypes with two different mutant al-

leles.80 In cell lines derived from these patients it is difficult to in-

terpret which mutant form is responsive to the PC without additional

information from other patient cell lines that are homozygous for one

of the mutations. Similarly, this can be problematic in female patients

with X-linked diseases. For instance, cell lines derived from most

female Fabry patients cannot be used to investigate the effects of a PC

due to random X-chromosome inactivation, which results in a

mixture of cells that express either the wild-type or the mutant form

of a-Gal. A. In these cell lines, the wild-type enzyme often dominates

the a-Gal A activity that is measured. Further, wild-type a-Gal A is

responsive to PCs (Fig. 4B), which tends to mask any PC activity on

the coexpressed mutant form of a-Gal A.

To overcome the complexity of using patient-derived cells to in-

vestigate the effect of PCs on the cellular levels of mutant lysosomal

enzymes, heterologous expression systems that use cell lines such as

COS-7 or HEK-293 have been developed. In this case, mutant forms

of a lysosomal enzyme are individually introduced via transient

transfection and incubated in the absence or presence of a PC. The

response of the mutant form is then monitored. Importantly, this

approach requires that the mutant enzyme expression level after

transfection or PC incubation exceeds that of the endogenous wild-

type enzyme level in the host cell line.71,140 The endogenous mutant

Fig. 7. Optimization of PC administration to mice to maximize in situ
enzyme activity and substrate reduction. (A) The half-life of elevated
mutant GAA is significantly longer than the PC DNJ. Eight-week-old
male hP545L GAA Tg/KO mice were administered drinking water
(open rectangle) or DNJ (300 mg/kg per day (solid rectangle)) ad li-
bitum in drinking water for 4 weeks, followed by a washout period
(drinking water only) of up to 7 days. Groups of mice were then
euthanized on day 1, 2, 5, or 7 after DNJ withdrawal. Gastrocnemius
muscle was isolated at each time point and GAA activity was measured
using 4-methylumbelliferyl-a-D-glucopyranoside (Sigma-Aldrich) as
described previously.162 In addition, DNJ levels (dotted line) were
measured in tissue lysates by liquid chromatography mass spec-
trometry. Mutant GAA activity was significantly increased (*P < 0.05 vs.
untreated, t-test) after 4-week DNJ administration, and was sustained
above baseline for up to 7 days after DNJ withdrawal. The half-lives of
elevated mutant GAA and DNJ in muscle were estimated to be 2.0 and
0.6 days, respectively. For the GAA activity and DNJ levels, each data
point represents the mean – SEM of 7–8 mice/time point. The limit of
quantitation for DNJ was 10 ng/g. (B) Less-frequent DNJ administration
results in greater glycogen reduction. Eight-week-old male hP545L
GAA Tg/KO mice were administered DNJ (100 mg/kg per day) ad li-
bitum in drinking water for 4 weeks either daily or less-frequently
using four cycles of a ‘‘4 ON/3 OFF’’ regimen. Glycogen levels were
subsequently measured in lysates prepared from gastrocnemius as
described previously.163 Significant reductions in glycogen levels were
seen both with daily and ‘‘4 ON/3 OFF’’ regimens (*P < 0.05 and
***P < 0.001 vs. untreated, t-test), though reduction was significantly
greater with the less-frequent regimen (approximately 30% reduction
versus 60% reduction; #P < 0.05 daily vs. ‘‘4 ON/3 OFF,’’ t-test). The
data presented represent two independent experiments with the
mean – SEM of 14–15 mice/group. Gycogen levels in gastocnemisus
isolated from wild-type littermate mice were 20 – 2mg/mg protein.
Animal husbandry and all in vivo experiments in mice were conducted
under Institutional Animal Care and Use Committee–approved pro-
tocols. Color images available online at www.liebertonline.com/adt

VALENZANO ET AL.

228 ASSAY and Drug Development Technologies JUNE 2011



enzyme level at baseline or after PC incubation can then be sub-

tracted, allowing the PC response of the heterologously expressed

mutant form to be determined.140 Using this approach, at least 16

mutant forms of GAA were shown be responsive to DNJ

in vitro.62,72,73 Similarly, 19 missense mutant forms of a-Gal A were

shown to have increased protein levels and total cellular activity after

expression in COS-7 cells and incubation with DGJ.71 Importantly,

the responses to DGJ were consistent with those seen in cell lines

derived from male Fabry patients that expressed the same mutant

forms. Similar results were shown for many of these as well as other

mutant forms of a-Gal A in additional heterologous expression

studies.141,142 Most recently, a more comprehensive survey of the

response to DGJ of more than 400 known Fabry disease-associated a-

Gal A mutant forms heterologously expressed in HEK-293 cells was

completed.143 The effects of DGJ on missense mutant forms ( > 90%

of those tested) and several small in-frame insertion or deletion

mutations were investigated. More than 60% of these mutant forms

were responsive. Importantly, the HEK-293 cell responses of a small

subset of missense mutant forms were generally consistent with the

a-Gal A responses observed after oral administration of DGJ to male

Fabry patients in Phase 2 clinical trials that expressed the same subset

of mutant forms.86 Taken together, these results suggest that the

in vitro a-Gal A response in HEK-293 cells may aid in the identifi-

cation of Fabry patients who express mutant forms of a-Gal A that

can respond to DGJ in vivo. Phase 3 clinical studies with DGJ are

currently ongoing to further assess its safety and efficacy in Fabry

patients that express mutant forms of a-Gal A that respond to DGJ

in vitro.

Restoring Lysosmal Enzyme Function:
How Much Activity Is Required for Clinical Response?

The age of onset, progression, and severity of an LSD is dependent

to some extent on the rate at which the substrate accumulates, which

in turn is partially dictated by the amount of enzymatic activity in

lysosomes (determined by total enzyme level and catalytic compe-

tency).144 Complete lack of residual activity may lead to the rapid

accumulation of substrate, and a more severe form of the disease

(often early onset with rapid progression). In contrast, small quan-

tities of residual activity may be sufficient to degrade a large pro-

portion of the substrate, and would thus substantially slow the

storage process, leading to a more mild form of the disease (later

onset and slower progression). Further, the rate at which a substrate is

delivered to the lysosome may influence the rate at which it ac-

cumlates, and may be different for different cell types, tissues, and

organs.144 Considering these factors, it is anticipated that even

modest increases in enzymatic activity may be sufficient to attenuate

a severe clinical phenotype. In most LSDs, 1% to 6% of normal ac-

tivity has been estimated to be sufficient to delay or prevent disease

onset or to yield a more mild form of the disease. For instance, 1%–

2% of normal a-iduronidase activity has been reported in mild cases

of MPS I145; < 1% of normal GCase activity has been reported in mild

Gaucher disease146; 6% of normal b-galactosidase activity has been

reported in late-onset GM1 gangliosidosis147; 2–4% of normal

b-hexosaminidase activity has been reported in the adult form of

GM2 gangliosidosis148; and 10% of normal enzyme activity seems to

prevent GM1 and GM2 gangliosidoses altogether.147,149,150 Further,

healthy individuals who are carriers of arylsulfatase A151–153 or

b-hexosaminidase deficiency154,155 have been identified with

extremely low residual enzyme activities that are typically seen in

severely affected patients. These data suggest that small increases in

activity could have a significant impact on substrate levels, and

hence disease severity and the rate of disease progression.

It is important also to consider the relationship of the in vitro and

in vivo responses of a mutant lysosomal enzyme to a PC with respect

to clinical outcome. It is expected that a mutant lysosomal enzyme

that shows no response in vitro would also not respond in vivo.

However, predicting the in vivo response of a mutant lysosomal en-

zyme that does respond in vitro is more difficult, as cultured cells and/

or animals are not perfect representatives of what occurs in the body

of an LSD patient. For example, age, sex, treatment history, and

disease status at the time of therapy initiation may affect the clinical

outcome, with patients that have been severely affected for a pro-

longed period of time expected to have the lowest likelihood of

therapeutic benefit. As discussed above, the pharmacokinetic profile

of a PC, including its tissue distribution and clearance rate, may also

influence the net response, especially if the elimination half-life is

long or tissue penetration is poor. Further, given that mutant en-

zymes are often less stable than their wild-type counterparts, faster

turnover rates could limit the time that a rescued enzyme is available

to metabolize substrate.

The Next Generation of Pharmacological Chaperones?
The success of a PC depends critically on biophysical properties

that dictate affinity, specificity, and reversibility of target binding, as

well as cell permeability. For LSDs, the preferred intracellular loca-

tion for interaction between target hydrolases and small molecule

PCs is within the neutral environment of the ER rather than the acidic

milieu of the lysosome, an important consideration given that all PCs

identified to date are reversible, competitive inhibitors of their target

enzymes. The pH differences of these compartments together with the

pKa values of relevant PCs may provide a better understanding of the

physical properties that are important for the binding interactions.

For instance, whether a PC interacts with its target enzyme as a

protonated amine or a neutral species, or whether a protonated

species promotes dissociation of the enzyme/PC complex, may be

important parameters to consider. In turn, this information would be

expected to be of vital importance in guiding medicinal chemistry

programs aimed at optimizing PC activity for new therapeutic can-

didates. While there are numerous approaches available for calcu-

lating pKa values, these do not accurately predict these values for

some of the most common chemical classes of lysosomal enzyme PCs

identified to date, such as iminosugars and azasugars. However, Bols

and colleagues have developed an empirical formula that has proven

useful in calculating pKa values for these compound classes.156

Hence, knowledge of the small molecule pKa values together

with measurements of the affinity for the target enzyme at various
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relevant pH values may allow the identification of PCs that have

much lower affinities for their target hydrolases in acidified lyso-

somes.

Similarly, another important area of current PC research involves

the identification of allosteric sites that may be available for

binding and stabilization of target proteins. Importantly, an allo-

steric ligand could stabilize the enzyme in the ER and lysosome

while not inhibiting enzyme activity, in contrast to ligands that

bind to the active site. To this end, it has been suggested that a-Gal

A contains a second site that selectively binds the b-anomer over

the a-anomer of D-galactose when a mixture of the two is soaked

into the crystals.157 Further, using multiple solvent crystal struc-

tures, Ringe and coworkers identified a number of regions on the

protein surface of GCase that colocalize with multiple solvent

molecules such as methanol, glycerol, and phenol.158 A comple-

mentary computational fragment-based method (FTmap) was also

employed by this group to detect hot spots on the protein surface of

GCase. Results from both methods were then used to form a con-

sensus for the existence of potential new binding regions that could

be screened in silico to identify nonactive site PCs.158 It should be

noted that in silico screening has been conducted on models of fully

folded wild-type enzymes, which may be different than the mutant

enzyme forms associated with the LSDs. Hence, it is unclear if these

potential allosteric sites exist in an unfolded or partially folded

mutant enzyme. It is also unknown if the occupation of these sites

would preserve catalytic activity, as well as provide significant

stability to the enzyme as seen with active site-binding PCs. Lastly,

it is unclear if PCs can be identified that bind to these sites with

sufficient affinity and specificity to prevent unwanted off-target

effects. While identification of such compounds could lead to a

significant advancement for the treatment of these genetic diseases,

there are several important outstanding questions that remain

unanswered.

CONCLUDING REMARKS
Collectively, LSDs represent a large and growing unmet medical

need, with therapies either unavailable or insufficient to treat all of

the underlying molecular defects and associated symptoms. Com-

pared with ERT and SRT, PCs represent an alternative therapeutic

strategy that aims to restore activity to mutant lysosomal enzymes

naturally produced in the body that are often functionally competent

but not trafficked in sufficient amounts to their intended physio-

logical location, the lysosome. Compelling evidence for the utility of

this approach has now been provided in vitro, in vivo, and in the

clinical setting for several LSDs. However, to exert their beneficial

effects on enzyme stability and trafficking, current PCs bind to the

same sites as their endogenous substrates, potentially hindering full

therapeutic benefit due to competitive inhibition. As such, this

strategy presents challenges for clinical development that necessitate

a thorough understanding and appropriate utilization of the phar-

macological properties of the PCs, as well as the biological properties

of the rescued enzymes. Importantly, many different approaches now

exist to fully characterize the interactions of these molecules with

their intended targets, to better understand the biological conse-

quences of the restored activity, and to guide the use of these mol-

ecules in a clinical setting to maximize lysosomal activity and

substrate reduction in key tissues and organs. It is anticipated that

some of these challenges may be reduced or eliminated in the future

via the identification of nonactive site-binding PCs. We are hopeful

that PCs will soon deliver much-needed therapies to many of the

patients that suffer with these debilitating, and in many cases, life-

threatening diseases.
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