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Abstract The G170R variant of the alanine:glyoxylate

aminotransferase (AGT) is the most common pathogenic

allele associated to primary hyperoxaluria type I (PH1),

leading to mitochondrial mistargeting when combined with

the P11L and I340M polymorphisms (minor allele;

AGTLM). In this work, we have performed a comparative

analysis on the conformation, unfolding energetics and

interaction with molecular chaperones between AGTwt,

AGTLM and AGTLRM (G170R in the minor allele) proteins.

Our results show that these three variants share similar

conformational and functional properties as folded dimers.

However, kinetic stability analyses showed a &1,000-fold

increased unfolding rate for apo-AGTLRM compared to

apo-AGTwt, as well as a reduced folding efficiency upon

expression in Escherichia coli. Pyridoxal 50-phosphate

(PLP)-binding provided a 4–5 orders of magnitude

enhancement of the kinetic stability for all variants, sug-

gesting a role for kinetic stabilization in pyridoxine-

responsive PH1. Conformational studies at mild acidic pH

and moderate guanidium concentrations showed the for-

mation of a molten-globule-like unfolding intermediate in

all three variants, which do not reactivate to the native state

and strongly interact with Hsc70 and Hsp90 chaperones.

Additional expression analyses in a mammalian cell-free

system at neutral pH showed enhanced interaction of

AGTLRM with Hsc70 and Hsp90 proteins compared to

AGTwt, suggesting kinetic trapping of the mutant by

chaperones along the folding process. Overall, our results

suggest that mitochondrial mistargeting of AGTLRM may

involve the presentation of AGT partially folded states to

the mitochondrial import machinery by molecular chaper-

ones, which would be facilitated by the low native state

kinetic stability (partially corrected by PLP binding) and

kinetic trapping during folding of the AGTLRM variant with

molecular chaperones.
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Abbreviations

AGT Alanine:glyoxylate aminotranferase

ANS 8-Anilinonaphthalene-1-sulfonic acid

CD Circular dichroism

DSC Differential scanning calorimetry

PH1 Primary hyperoxaluria type 1

PLP Pyridoxal 50-phosphate

SEC Size-exclusion chromatography

Introduction

Human peroxisomal alanine:glyoxylate aminotransferase

(hAGT; E.C. 2.6.1.44) is a pyridoxal 50-phosphate (PLP)

dependent enzyme that catalyzes the transamination of the

intermediate metabolite glyoxylate to glycine (Danpure
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2006). Functional deficiency of hAGT activity leads to

accumulation of glyoxylate in peroxisomes, which is

consequently transported to the cytosol and oxidized to

oxalate. Deficiency in hAGT activity causes primary

hyperoxaluria type I (PH1), a rare autosomal inborn error

of metabolism (around 1 in 120,000 newborns) character-

ized by progressive renal failure due to accumulation of

insoluble calcium oxalate (Danpure 2006; Williams et al.

2009). The most successful treatment or cure for PH1 is a

combined liver and kidney transplantation. However, par-

tial correction of PH1 is found for some specific genotypes

(such as G170R) by administration of the PLP precursor,

pyridoxine (Danpure 2006). About 150 mutations in the

AGXT gene have been described, 50% of them being

missense mutations (Williams et al. 2009). There exists one

common polymorphic variant called minor allele (AGTLM;

*20% in control subjects and *46% in PH1 patients),

which contains two single aminoacid substitutions (P11L

and I340M) among other genomic substitutions (Williams

et al. 2009).

The molecular mechanisms underlying the functional

defect of AGT caused by PH1 variants may involve mi-

stargeting or misfolding depending on the AGT variant

(Williams et al. 2009). Mistargeting leads to mitochondrial

transport of AGT proteins, where the enzyme is metaboli-

cally inefficient, while misfolding is associated to a reduced

ability of AGT protein to fold into native dimers causing

enhanced protein aggregation and/or degradation (Danpure

2006; Lumb and Danpure 2000; Santana et al. 2003;

Williams et al. 2009). In both scenarios, the minor allele

plays a role. It creates a functionally weak mitochondrial

targeting sequence that allows mitochondrial import into

isolated mitochondria, but requires additional mutations to

manifest significant mistargeting intracellularly (Motley

et al. 1995; Purdue et al. 1991). In addition, the minor allele

increases the sensitivity of native dimers towards thermal

and chemical unfolding (Cellini et al. 2009; Hopper et al.

2008). Since some PH1 mutations are affecting the kinetic

partitioning of AGT protein between folding into native

dimers and peroxisomal import, mistargeting into mito-

chondria and cytosolic/peroxisomal degradation, molecular

chaperones and other factors (such as degradation

machinery and effector proteins) must play a role on the

final fate of AGT variants intracellularly [see (Bukau and

Horwich 1998; Martinez et al. 2008)].

In this work we have characterized the conformation and

stability of three hAGT variants (AGTwt, AGTLM and

AGTLRM; see Fig. 1 for the location of the mutated residues

in the three-dimensional structure of AGTwt) under native

and partially unfolding conditions. We show that the three

hAGT variants display similar overall conformation and

function (activity and PLP binding affinities) but the minor

allele variants (AGTLM and AGTLRM) display substantially

lower kinetic stability than the wt protein (major allele), while

PLP binding strongly enhances kinetic stability in all three

protein variants. Interestingly, at mild acidic conditions

(pH \ 5) all three hAGT variants form an inactive unfolding

intermediate resembling a molten globule state, characterized

by high residual secondary structure, solvent-protected

intrinsic fluorophores, enhanced binding of the hydrophobic

dye 8-anilinonaphthalene-1-sulfonic acid (ANS) and

increased conformational flexibility. Experiments performed

Fig. 1 Localization of the AGT

mutations analyzed in our study

in the three-dimensional

structure of AGT dimer. The

residues mutated in the AGTLM

variant (P11L/I340M) are

shown (in red colour in the

online version) and also the

additional mutation found in the

LRM variant (G170R) (shown

in green colour in the online

version). The two monomers are

displayed distinctly coloured.

The figure was created using the

X-ray crystal structure reported

by Zhang et al. (PDB code

1H0C; Zhang et al. 2003) and

the Discovery Studio Visualizer

2.0 software (Accelrys Software

Inc.)
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in a mammalian cell-free system shows that AGTwt binds to

Hsc70 and Hsp90 proteins under mild acidic conditions but

weakly at neutral pH, while the mistargeting variant AGTLRM

variant shows strong binding to Hsc70 and Hsp90 at both

neutral and acidic pH. Our results provide new insight into

the molecular mechanisms involving AGT mitochondrial

mistargeting, which might be useful to design new therapies

meant to block AGT mitochondrial import either by native

state stabilization or specific inhibition of AGT:chaperone

interactions.

Materials and methods

Protein expression and purification

JM109 bacterial strains containing plasmids encoding AGT

proteins were grown in the presence of ampicillin 0.1 mg/

ml to a OD600 = 0.6 and then induced with 1 mM IPTG

for 16–20 h at 28�C. His-AGT was purified from soluble

extracts using IMAC-columns (Talon
TM

, ClonTech) as

recommended by the manufacturer. Dimeric forms of AGT

protein were isolated by size-exclusion chromatography

(SEC) in a HiLoad
TM

16/60 Superdex
TM

200 prep grade

column (GE Healthcare) calibrated with molecular mass

standards running with Na-Hepes 20 mM, NaCl 200 mM

pH 7.4 at 1 ml/min. Holo- and apo-AGT were prepared as

described by Cellini et al. (2007) and stored in Na-Hepes

20 mM, NaCl 200 mM pH 7.4 in liquid nitrogen at

5–15 mg/ml. Protein concentration was measured spec-

trophotometrically using a e280(1 mg/ml) = 1.069, calculated

based on AGT primary structure (Pace et al. 1995).

Sample preparation

For pH dependent studies, protein stock solutions (in

Na-Hepes 20 mM 200 mM pH 7.4) were diluted 50-fold

into buffers at specific pH values (adjusted using NaOH or

KOH) containing 100 mM of: formic acid (pH 3), acetic

acid (pH 4–5.5), NaH2PO4 (pH 6–7.5) or Hepes (pH 7–8).

All buffers also contained 100 mM NaCl or KCl unless

indicated.

Spectroscopic analysis

CD measurements were performed in a Jasco J-810 spec-

tropolarimeter using a 1-mm (far-UV; 5 lM protein sub-

unit) or 5-mm (near-UV; 10 lM protein subunit) path

length cuvettes. Fluorescence measurements were per-

formed in PerkinElmer LS50 and LS55 spectrofluorimeters

using a 1-cm path length cuvettes and 1 lM protein sub-

unit. Intrinsic emission spectra were recorded by excitation

at 280 nm and emission between 300 and 450 nm. ANS

fluorescence was measured in the presence of 100 lM

ANS by excitation at 380 nm and emission between 425

and 550 nm (in all cases slits were 5 nm). Appropriate

blanks in the absence of protein were taken prior to the

samples and subtracted. Titrations of apo-AGT with PLP

were measured by quenching of intrinsic fluorescence as

described (Cellini et al. 2007).

Activity measurements

Specific activities were measured using 1–2 lg of AGT

incubated in the corresponding buffer (at different pHs; see

above) at 25�C for 1 h and then 40 lM PLP, 10 mM

glyoxylate and 40 mM L-alanine were added. Pyruvate

formed in the reactions was measured by a coupled

NADH:lactate dehydrogenase assay after 2 min reaction at

25�C (Rumsby et al. 1997).

Differential scanning calorimetry

Measurements were performed on a capillary VP-DSC dif-

ferential scanning calorimeter (MicroCal, GE Healthcare)

with a cell volume of 0.135 ml at the indicated scan rates.

Temperature ranges were typically 20–80�C (apo-forms) or

20–100�C (holo-forms). Protein samples (*1–20 lM;

*0.05–0.8 mg/ml) were routinely buffer exchanged using

PD-10 columns (GE Healthcare) to freshly made and filtered

20 mM Na-Hepes 200 mM pH 7.4 (unless otherwise indi-

cated) and centrifuged prior to the experiments. PLP was

added customarily in a 5-fold excess in experiments per-

formed using holo-AGT and incubated in the presence of the

protein for at least 4 h at 4�C in the dark prior to experiments.

Experiments performed using holo-AGT forms were

shown to be protein-concentration independent, and thus,

DSC scans were modeled on the basis of a two-state irre-

versible model depicted by the following scheme: N �!F,

where N holds for native state and F holds for the final state

which cannot fold back to N under the given experimental

conditions (Sanchez-Ruiz 1992; Sanchez-Ruiz et al. 1988).

Fittings to the two-state irreversible model were performed

essentially as described previously (Rodriguez-Larrea et al.

2006). In the case of apo-forms, the protein concentration

dependence of the DSC scans prompted us to include non-

first-order kinetics in the two-state irreversible model

(Sanchez-Ruiz 1992). A detailed description of the models

and fitting procedures can be found in the Supplementary

information.

Proteolysis

Protein samples (0.5 mg/ml apo-AGTwt) were incubated at

pH 7.5 or 4.5 in the presence of 10 mM CaCl2 and variable

concentrations of thermolysin at 25�C for 2–60 min.
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Reactions were stopped by adding 25 mM EDTA pH 8.

Proteolysis was analyzed by SDS-PAGE under reducing

conditions using 12% acrylamide gels.

In vitro expression of AGT variants in a cell-free

system and interaction with Hsc70 and Hsp90 proteins

Expression in a rabbit reticulocyte cell-free system

(TnT system, Promega) was performed at 30�C for 2 h using
35S-Met and hAGT cDNA variants subcloned in pCIneo

plasmids (Promega). The reaction was stopped with 100 lg/ml

cycloheximide, and 1/25th of the reaction product was set

aside for analysis. For immunoprecipitation studies, reaction

mixtures were divided into two equal aliquots: one was

placed on ice, and the other was brought to pH 4.5 by adding

1/10th volume of 0.1 M sodium acetate. After 1 h incubation

at 25�C, 1/3rd volume of 0.1 M Na-Hepes, pH 7.5 was added

to both aliquots, to restore neutral pH, prior to immunopre-

cipitation using antibodies anti-Hsc70 or anti-Hsp90 as

previously described (Santana et al. 2003). The immunopre-

cipitated proteins and the initial TnT products were denatured

in Laemmli’s buffer and analyzed by SDS-PAGE and fluo-

rography. The immunoprecipitation experiments were repe-

ated three times, the autoradiograms scanned and the fraction

of immunoprecipitated AGT protein was normalized to the

total amount present in the initial TnT products.

Results

Conformation and function of hAGT variants

at physiological pH

Expression analysis of AGT variants in E. coli revealed

differences in the protein yield as functional dimers, being

about 40–50% for AGTLM and 2–5% for AGTLRM, com-

pared to AGTwt qualitatively agreeing with previous

studies (Lumb and Danpure. 2000). As shown in Table 1,

all three AGT variants behave as dimers of similar apparent

sizes as seen by analytical size-exclusion chromatography

(SEC) in the protein concentration range used in this study

(1–100 lM in subunit). The estimated apparent size for all

the forms was 95.2 ± 1.7 kDA, consistent with dimeric

forms (87.6 kDa) independently on the presence of PLP

bound. In all forms, the three AGT variants displayed

similar specific activity when assayed using isolated

dimeric forms (Table 1).

Further characterization of dimeric conformations of the

AGT variants were performed by circular dichroism (CD)

and intrinsic fluorescence emission spectroscopies (Fig. 2).

The Far-UV CD spectra for all variants are essentially

identical (Fig. 2a) as well as the estimated secondary

structure content (compiled in Table 1), with a predomi-

nant a-helical conformation (32.7 ± 0.7%, average of all

variants). Near-UV–visible CD spectroscopy also showed a

characteristic band for PLP bound centered at about

430 nm with similar intensities in all the holo-forms

(Fig. 2a inset) arising from the visible absorption band

centered at 420 nm of the PLP cofactor placed in an

asymmetric protein environment, while all the apo-forms

lacked this band in the visible range (Fig. 2a). The intrinsic

emission fluorescence spectra of the holo-forms were 3–4-

fold lower in intensity at the maximum (at *340 nm) than

in the apo-forms, consistent with fluorescence quenching

upon PLP binding (Fig. 2b; Cellini et al. 2007). Titration of

the apo-forms with PLP led to a similar *4-fold decrease

in the fluorescence intensity (Fig. 2b; inset), indicating that

the holo-forms were essentially saturated with PLP. By

monitoring fluorescence quenching in the presence of

different PLP concentrations, we estimated similarly high

Table 1 Functional and conformational properties of dimeric holo- and apo-AGT variants

AGT variant Activity (lmol Pyr mg-1 h-1) Apparent size (kDa)a Secondary structureb Kd (PLP) (nM)

a-Helix b-Sheet

Holo

Wt 1,849 ± 235 94.7 ± 6.0 32.5 ± 1.6 18.5 ± 1.3 N.a.

LM 2,031 ± 207 97.2 ± 7.8 32.6 ± 2.3 18.3 ± 2.4 N.a.

LRM 1,824 ± 172 96.9 ± 6.4 33.1 ± 1.5 17.9 ± 1.2 N.a.

Apo

Wt 1,426 ± 232 93.1 ± 8.1 33.8 ± 0.3 17.0 ± 0.3 95 ± 29

LM 1,548 ± 240 93.6 ± 7.6 32.6 ± 0.7 18.3 ± 1.0 109 ± 37

LRM 1,702 ± 222 95.6 ± 5.2 31.6 ± 0.9 19.3 ± 1.1 73 ± 26

Data are mean ± SD of at least three independent experiments performed using different protein batches of each variant except for PLP binding

affinity where data are mean ± SE from the fitting
a Determined by SEC using 1–100 lM protein subunit
b Determined from Far-UV CD spectra using the CDNN algorithm (Bohm et al. 1992)

1236 A. L. Pey et al.

123



binding affinities for PLP in all three variants (Table 1).

Overall, these results indicated that the AGT variants dis-

play essentially the same conformational and functional

properties of AGTwt but they differently affect the folding

efficiency in E. coli as expression system.

Thermal unfolding of AGT variants at pH 7.4

We next performed a comparative study on the thermal

stability of AGT variants by differential scanning calo-

rimetry (DSC). Under our experimental conditions, thermal

unfolding experiments showed a single endothermic tran-

sition, displayed complete irreversibility (as the absence of

calorimetric signal in reheats stopped after the unfolding

transition is complete; Fig. S1 for illustrative examples; the

presence of 1 mM TCEP did not improve reversibility) and

they were strongly scan-rate dependent (Fig. 3a, b), indi-

cating kinetic control of the thermal unfolding process

(Sanchez-Ruiz 1992, 2010; Sanchez-Ruiz et al. 1988).

These results indicate that thermal unfolding of both holo-

and apo-AGTwt is under kinetic control. We have tested

whether a simple two-state kinetic model:

Native AGT dimer! Irreversibly denatured AGT

provides an adequate description of AGT thermal unfold-

ing. The unfolding transitions of holo-AGTwt are essen-

tially independent of protein concentration (Fig. 3c),

suggesting that the kinetic process is first-order to good

approximation, and that therefore, the unfolding transition

state for the irreversible denaturation of holo-AGTwt is

dimeric and retains PLP bound. However, apo-AGTwt

thermal unfolding significantly depends on protein con-

centration, suggesting at least partial dissociation in the

unfolding transition state for apo-AGT (Fig. 3d).

DSC profiles were fitted using a two-state kinetic model

that includes dissociation into l subunits upon going from

the native state to the transition state (see Supplementary

information for further details). Fittings were excellent

(Figs. 3, 4) and showed internal consistency as the acti-

vation energies at different scan rates were very similar,

and close to the values obtained from the Tm dependence

on the scan rates (Table 2; Fig. S1). As shown by

Bevington analyses (Fig. S2), the estimation of the l values

from all fittings is statistically robust. As expected from the

essential independence of DSC scan on protein concen-

tration, l values were close to unity for all three holo-

variants (Table 2). For the apo-AGTwt and apo-AGTLM

variants, the l values were higher than unity, and in the

case of apo-AGTwt, the average l value obtained from the

fittings was consistent with that obtained from the Tm

dependence on the protein concentration (Table 2;

Fig. 3d).

It is evident from the experimental DSC scans that PLP

binding largely up-shifts the Tm values of all AGT variants

(*25�C), while an individual comparison of both apo- and

holo-forms shows a higher Tm for AGTwt than for LM and

LRM variants (Table 2; Fig. 4a). The large differences

between the calorimetric enthalpies (DHcal) of apo- and

holo-forms are consistent with a large unfolding heat

capacity change (DCp). A plot of the DHcal versus Tm (Fig.

S3) provides values of 4.0 ± 0.2 kcal mol-1 K-1 and

173 kcal mol-1 for the DCp and DHcal(60�C), respectively.

These values are somewhat lower than those predicted for a

monomer of 392 residues based on the correlation reported

by Robertson and Murphy [5.4 kcal mol-1 K-1 and

274 kcal mol-1, for DCp and DHcal(60�C), respectively

(Robertson and Murphy 1997)], but still indicate that a

large fraction of the AGT tertiary structure is disrupted

upon thermal unfolding.

Our kinetic analysis based on the two-state irreversible

model also allows calculating the unfolding rates for the

Fig. 2 Conformational properties of AGT dimeric protein variants at

pH 7.4. a Far-UV CD spectra; inset near-UV–visible CD spectra.

b Emission fluorescence spectra (exc. 280 nm). Inset fluorescence

titration of apo-AGT proteins. Continuous lines are for holo-forms,

dashed lines for apo-forms. AGT protein variants are displayed

coloured in the online version as follows: AGTwt (black), AGTLM

(red) and AGTLRM (blue). All the spectroscopic analysis are

performed in K-phosphate 20 mM pH 7.4 KCl 100 mM. Experimen-

tal temperatures were 25�C
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AGT variants extrapolated to physiological temperatures

(Fig. 4b), providing the values compiled in Table 2. All the

holo-AGT variants show substantial kinetic stability at

physiological temperature (with half lives in the range of

years), even though the LM and LRM variants showed

decreased kinetic stability in about one and two orders of

Fig. 3 Thermal unfolding of holo- and apo-AGTwt. Scan rate

dependence of the thermal unfolding of holo-AGTwt (a) and apo-

AGTwt (b) using 5 lM monomer, and protein concentration depen-

dence of thermal unfolding for holo-AGTwt (c) and apo-AGTwt (d).

Lines in panel a show best-fits to a two-state irreversible model

without dimer dissociation (protein concentration independent, see

panel c) while in panel b, the model involves dimer dissociation

(protein concentration dependent, see panel d). The inset in panel

d allows to calculate l = 1.33 ± 0.18 for apo-AGTwt. Experiments

were performed in Hepes 20 mM NaCl 200 mM pH 7.4. The symbols

in panels a and b represent the different scan rates used: 3 K/min

(circles), 2 K/min (up triangles), 1 K/min (down triangles) and

0.5 K/min (squares)

Fig. 4 Thermal unfolding of AGT variants by DSC. a Representative

DSC traces obtained at 3 K/min and 5 lM protein concentration (in

subunit). Lines are fits to the corresponding kinetic model. Chemical

baselines have been subtracted (as described in supplementary

information); b Arrhenius plots for the irreversible thermal unfolding

of AGT variants. Closed symbols are for holo-AGT and open symbols
for apo-AGT, while color code (in the online version) is as in Fig. 2.

Experiments were performed in Hepes 20 mM NaCl 200 mM pH 7.4
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magnitude, respectively (Table 2). Removal of the bound

cofactor largely increases unfolding rates (in about 4–5

orders of magnitude), leading to a remarkably low kinetic

stability in the least stable apo-variant at physiological

temperature (apo-AGTLRM displays a estimated half-life of

*40 min at 37�C at this protein concentration).

hAGT populates a partially unfolded state

at mild acidic pH

The specific activity of holo-AGTwt shows an optimum at

pH 7–8 and a progressive decrease at more acidic

conditions, with an apparent pK = 6.4 ± 0.1 (Fig. 5a), in

agreement with a recent report [(Cellini et al. 2008),

obtained using untagged-AGT]. AGT inactivation is highly

reversible if the protein is transferred from pH 5.5 to pH

7.5 and incubated for 1 h (*95% of the original activity is

recovered). However, AGT samples transferred from pH 3

to pH 7.5 do not recover significant activity (*3% of

control activity). As shown in Fig. 5b, both holo- and apo-

AGT show a decrease in Far-UV CD signal (about 30% of

the signal at neutral pH) at acidic pH, with apparent pK

values of 5.0 ± 0.3 and 5.0 ± 0.2, respectively, values

somewhat lower than the apparent pK found for the

Table 2 Stability and kinetic parameters for the irreversible thermal unfolding of dimeric holo and apo-forms of AGT variants

AGT variant Tm (oC)a,d DHcal (kcal/mol)b,d Ea (kcal/mol)b,d k (37�C) (min-1)c lb,d

Holo

Wt 81.3 266 ± 11 106 ± 3 1.55 9 10-9 0.92 ± 0.02

LM 76.1 250 ± 15 100 ± 1 2.43 9 10-8 0.99 ± 0.03

LRM 74.5 212 ± 7 92 ± 1 1.77 9 10-7 0.98 ± 0.01

Apo

Wt 58.0 157 ± 13 82 ± 5 2.20 9 10-5 1.35 ± 0.12

LM 51.0 135 ± 12 85 ± 3 1.95 9 10-3 1.19 ± 0.14

LRM 47.8 121 ± 7 87 ± 6 1.87 9 10-2 0.94 ± 0.06

a Scan rate 3 K/min; 5 lM protein subunit
b Average of at least three independent scans at different scan rates
c Extrapolated from Arrhenius plot in Fig. 4b
d Values obtained using a two-state irreversible model with non-first-order kinetics (see Supplementary material)

Fig. 5 pH dependence of the

activity and conformational

properties of AGT. a Activity;

b Far-UV CD; c intrinsic

fluorescence (exc. 280 nm) and

d extrinsic fluorescence due to

ANS binding (exc. 380 nm).

Data are mean ± SD of three

independent experiments

(b–d) or two independent

experiments each one

performed in triplicate (a).

Lines, symbols and colors are as

in Fig. 2. All the experiments

were performed using 0.1 M

buffer 0.1 M KCl
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reversible inactivation process (Fig. 5a), indicating struc-

tural changes occur at pH lower than 5.5 which irreversibly

inactivate the enzyme. This decrease in Far-UV CD signal

does not coincide with any noticeable change in the

wavelength of the maximum intrinsic fluorescence emis-

sion (with average kmax of 340.0 ± 0.6 and 340.3 ±

1.2 nm, for holo-AGT and apo-AGT, respectively) even

though the fluorescence intensities do vary in the mild

acidic range (Fig. 5c). Both holo- and apo-AGTwt show a

large enhancement in ANS fluorescence at low pH values,

and similar ANS binding is observed for AGTLM and

AGTLRM in their holo-forms (in all cases, with an apparent

pK value of 4.6 ± 0.1; Fig. 5d). Last, SEC experiments at

pH 7.5–4.5 show native hydrodynamic behavior above pH

5.5 (consistent with a native dimer), while AGT eluted at

the total volume of the column at pH 4.5, suggesting pro-

tein interaction with the gel matrix. Interestingly, the

spectral properties of both holo- and apo-AGT are

remarkably similar at low pHs, also suggesting cofactor

release at low pH under the incubation conditions used.

The conformational properties of the unfolding inter-

mediate state described above (high residual secondary

structure, non-native enhanced binding of ANS and

enhanced ability to interact with the dextran gel matrix) are

features often observed in molten globule states (Campos

and Sancho 2003; Halskau et al. 2009; Liu and Cowan

2009; Polverino de Laureto et al. 2002; Polverino de

Laureto et al. 2001). Molten globules are also known to be

highly flexible and structurally fluctuating protein ensem-

bles. As shown in Fig. S4A, no unfolding thermal transition

is evident at pH 4.5 by DSC (in contrast to pH 7.5), which

may indicate the absence of significant tertiary interactions

at acidic pH [sometimes observed in molten globules

thermal unfolding; (Griko and Privalov 1994; Yutani et al.

1992)]. Moreover, partial proteolysis of the full-length apo-

AGT by thermolysin at pH 7.5 rapidly leads to the for-

mation of a *38 kDa band (Fig. S4B), which is completed

after 1 h incubation (not shown). This main proteolysis

product shows a molecular size of about *70 kDa (by

SEC) that retains over 90% of the native specific activity.

In contrast, proteolysis at pH 4.5 leads to the formation of

multiple bands of different molecular sizes within a few

minutes, indicating that the protease is able to attach to

and cleave at multiple sites of the entire protein sequence at

this pH, probably due to increased protein flexibility, a

behavior also observed previously for other molten globule

states (Polverino de Laureto et al. 2002).

Interaction of AGT with Hsc70 and Hsp90 chaperones

under native and mildly denaturing conditions

Partially folded states as those described in our work for

AGT at mild acidic pH may drive the folding process to the

native state and/or constitute kinetic traps that block proper

folding (Dobson 2003). In many cases, efficient protein

folding in vivo is achieved by interactions of these partially

folded states with molecular chaperones (Dobson 2003),

which in turn might also deliver proteins to the mitochon-

drial import machinery (Bukau et al. 2006; Kutik et al.

2007; Young et al. 2003). In order to test whether AGT

native and partially folded states would interact with

molecular chaperones, we have performed in vitro synthesis

of AGTwt and AGTLRM protein in a mammalian cell-free

system. The results are summarized in Fig. 6. Upon in vitro

synthesis, transfer of both AGTwt and AGTLRM proteins to

mild acidic pH leads to significant interaction with Hsc70

and Hsp90 proteins (Fig. 6), showing the ability of these

partially folded states to interact with these molecular

chaperones. Interestingly, AGTLRM shows similar interac-

tion with Hsc70 and Hsp90 proteins at both pH 4.5 and 7.5,

while at pH 7.5 the amount of AGTwt protein bound to these

chaperones is very low. These results suggest that AGTLRM

protein populates more extensively partially folded states

capable of interact with these chaperones, or that they

interact in a longer term with Hsc70 and Hsp90 proteins.

Discussion

Proteostasis (protein homeostasis) networks involve mul-

tiple cellular interacting agents that modulate protein syn-

thesis, folding, degradation and trafficking (Powers et al.

2009). In this context, it has been proposed that protein

energetics in combination with the proteostasis network

capacity determine the fate of folded proteins (folding,

assembly, aggregation, degradation). Consistent with this

model, when a protein ‘‘crosses’’ a certain minimal ‘‘pro-

teostasis boundary’’ (for instance, due to mutations) and

exceeds the capacity of the proteostasis network to assist its

efficient folding/assembly/transport, the mutant protein

become disease-causing (Powers et al. 2009). In this work,

we provide evidence on the molecular mechanism under-

lying the mistargeting phenotype of the AGTLRM protein, a

variant known to cause PH1 due to mistargeting to mito-

chondria instead of peroxisomes. Our results reveal that a

combination of decreased kinetic stability of the folded

native state and strong kinetic trapping of partially folded

forms by interaction with Hsc70 and Hsp90 chaperones

may allow delivery of partially folded states of AGTLRM

to the mitochondrial import machinery. Therefore,

alterations on AGT proteostasis described in this work

suggest that AGT stabilizers (pharmacological chaperones)

as well as agents that modulate chaperone activities (pro-

teostasis regulators) might be used to correct the trafficking

defects described in some PH1-causing variants (ongoing

research).
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The AGTLRM variant shows a dramatic decrease in the

yield in functional protein upon expression in E. coli

[(Lumb and Danpure. 2000) and our work]. Nevertheless,

we show that folded dimers of AGTwt, AGLM and AGTLRM

variants do not substantially differ in their overall confor-

mation, specific activity and binding affinity for PLP.

A recent crystallographic study has shown that the muta-

tion G170R only affects locally protein conformation on

the major allele (Djordjevic et al. 2010). However, we

observed a large decrease in AGTLRM and AGTLM protein

kinetic stability as seen by DSC analysis based on a two-

state irreversible model. This kinetic destabilization is

possibly reflecting an increase in the kinetic accessibility of

unfolded or partially unfolded states from the native AGT

state, unfolded states which may rapidly aggregate, and

therefore, are not significantly populated along the thermal

transition. Using a simple transition-state theory calcula-

tion (Rodriguez-Larrea et al. 2006), the LM and LRM

apo-variants are kinetically destabilized by *2.8 and

*4.2 kcal/mol (at physiological temperature), respec-

tively. On the other hand, PLP binding induces a large

kinetic stabilization of all apo-forms, largely exceeding the

mutational effect of LM and LRM (6.7 ± 0.7 kcal/mol,

average of the three variants). Mutational kinetic destabi-

lization have been recently shown for other PH1 apo-

variants such as F152I and G41R on the minor allele

(Cellini et al. 2009, 2010), but a quantitative comparison

with the corresponding holo-forms was not available until

now. Moreover, as deduced from our DSC analysis, holo-

AGTwt unfolds through a dimeric transition state, while the

apo-AGTwt at least partially dissociate in the unfolding

transition state. Still, the l values for apo-AGTwt and apo-

AGTLM are smaller than 2, the value expected for a

monomeric transition state. One possible explanation is

that two kinetic pathways coexist for the irreversible

unfolding of these apo-forms (with only of them involving

a monomeric transition state), in such a way that the

experimental l values represent the average of both kinetic

pathways. Alternatively, the fractional l value could be

viewed as reflecting partial dissociation of the dimer in

the unfolding transition state. We must also note that the

l values for the apo-AGT variants seem to decrease as the

kinetic stability decreases upon mutation, suggesting that

the lower the kinetic stability is the closer the transition

state is to be dimeric (or ‘‘native-like’’). This behavior may

be analogous to the movements of the folding/unfolding

transition states towards the native state as the native state

is destabilized upon mutation that have been previously

described [the so-called ‘‘Hammond effect’’ (Matouschek

and Fersht 1993; Matouschek et al. 1995)].

Fig. 6 Interaction between AGT variants and Hsc70 (a) and Hsp90

(b) proteins under native (pH 7.5) or partially denaturing (pH 4.5)

conditions. The autoradiograms shown are representative of three

independent experiments in each case. The panels show the fraction

(mean ± SD from three independent experiments) of initial AGT

present in pulse samples (1 lL extract per lane) immunoprecipitated

at pH 7.5 or 4.5 (6 lL of extract loaded per lane). Experiments were

performed at pH 7.5 (using 0.1 M Na-Hepes) and pH 4.5 (using

0.1 M Na-acetate) in the presence of 0.1 M NaCl. Differences

between the means of the different groups were tested by one-way

ANOVA (the asterisks stand for a statistical significance of p \ 0.01

compared to the AGTwt at pH 7.5 group)
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The physiological relevance of this kinetic destabiliza-

tion observed in vitro for AGTLRM is difficult to clarify

for the holo-form, since our kinetic analysis predict a

high kinetic stability at physiological temperatures for its

holo-form, in contrast to its apo-form. However, several

lines of evidence support the presence of a significant

fraction of AGT in apo-form in vivo, and therefore, a role

for the very low kinetic stability of apo-AGTLRM in the

mitochondrial mistargeting of this variant in vivo: (1) Total

PLP and PMP found in liver is reported be 15–30 nmol/g

wet liver in mice, depending on the dietary intake of pyr-

idoxine (Furth-Walker et al. 1990), which represent

60–120 pmol/mg liver protein [considering 250 mg pro-

tein/g wet liver; see (Pey et al. 2003)]. AGT activity in

human liver is about 6–20 lmol Pyr/h/mg liver protein

(Allsop et al. 1987; Wanders et al. 1990) which represents

about 1–6 lg of AGT protein/mg liver protein (considering

a specific activity of 3,100–6,500 lmol Pyr/h/mg AGT;

(Noguchi and Takada 1979; Lumb and Danpure 2000)) or

25–140 pmol AGT subunit/mg liver protein, suggesting

that the ratios of total PLP:AGT and PMP:AGT are around 1.

Even though these calculations are not meant to quantita-

tively determine the fraction of AGT present in its apo-s-

tate, it is plausible that a significant fraction of AGT in the

apo-state may be found in human liver, since PLP and PMP

must be shared with other hepatic enzymes. (2) AGT

possibly requires the formation of a native apo-enzyme to

be able to bind PLP, leading to accumulation to some

extent of apo-forms in the cytosol prior to PLP binding.

This is consistent with PLP release upon reversible

unfolding of dimeric E. coli aspartate aminotransferase

(Deu and Kirsch 2007) and our data on holo-AGT partially

denatured by acidic pH and guanidinium chloride (Fig. 5;

Fig. S5); (3) PLP binding kinetics is relatively slow

(Fig. S6), and occurs in the same time scale of irreversible

unfolding of apo-AGTLRM. At physiological total concen-

trations of PLP of around 15–30 lM [considering a 1 g/ml

density for liver tissue and values of total PLP content in

mice liver from (Furth-Walker et al. 1990)], the half-life

for PLP binding is expected to be of about *10–20 min

for apo-AGT at 25�C (Fig. S6), which is in the same range

of the expected half-life for irreversible unfolding of apo-

AGTLRM (about 40 min at 37�C).

Our thermal unfolding analyses do not provide infor-

mation on the conformational properties of any (partially)

unfolded AGT protein states (since they are not signifi-

cantly populated within the transition), even though our

DSC analysis suggest that they would be kinetically more

accessible from the native state in the AGTLM and AGTLRM

variants. We also show that recombinant AGTwt is capable

of adopting such partially unfolded states under moderate

acidic pH and also at neutral pH in the presence of moderate

guanidinium chloride concentrations (1–2 M GdmHCl; see

Fig. S5), indicating that different environmental conditions

may induce the formation of these partially unfolded states

at relatively low (close to physiological) temperatures.

These partially unfolded states display several features

classically associated to molten globule states (Dobson

1994; Halskau et al. 2009; Liu and Cowan 2009; Polverino

de Laureto et al. 2001, 2002), such as high residual sec-

ondary structure, solvent exposed hydrophobic regions and

enhanced structural flexibility. The role of such partially

folded/unfolded states in the folding process may be

assisting the protein to find its native fold and/or inhibiting

proper folding acting as kinetic traps (Dobson 2003). The

low operational reversibility of this partial unfolding pro-

cess under our experimental conditions [even though it

would be possible to find very mild refolding conditions

where the reversibility is enhanced, such as those described

for AGT in (Coulter-Mackie et al. 2005)] suggest a role for

molecular chaperones in AGT protein folding in vivo,

bypassing adverse parallel reactions such as protein

aggregation (Dobson 2003). We show that partially unfol-

ded states triggered by mild acidic pH strongly interact with

Hsc70 and Hsp90 chaperones (Fig. 6). We have recently

solved the three-dimensional structure of a complex

between the bacterial chaperonin, GroEL, and a folding

intermediate of another mutant variant (I244T) of the hAGT

minor allele (AGTLTM), providing evidence for a functional

model in which the chaperonin promotes folding of the

mutant protein through forced unfolding mechanism

(Albert et al. 2010). It is noteworthy that previous works on

the human mitochondrial aspartate aminotransferase

(hmAAT) have also reported the formation of partially

unfolded states at acidic pH which resemble those described

herein for hAGT, which do not reactivate when transferred

to neutral pH at moderate salt concentrations (Artigues et al.

1994) and are also capable of binding to eukaryotic [Hsc70;

(Lain et al. 1994)] and prokaryotic [GroEL; (Mattingly et al.

1995)] chaperones.

The differences between peroxisomal and mitochondrial

import machineries have been recognized for a long time to

play a role in PH1-associated mitochondrial mistargeting of

AGT variants (Prakash and Matouschek 2004). Peroxisomal

protein import machinery is characterized by its capacity to

import folded and oligomeric proteins containing peroxi-

somal target signals [PTS; (Brown and Baker 2008)]. On the

other hand, classical mitochondrial protein import models

involve interactions of a N-terminal presequence in the

target protein with the translocase outer membrane (TOM)

complex, followed by unfolding and translocation through

the membrane pore (Kutik et al. 2007). In the case of pro-

teins with short presequences [35 residues or shorter, as

found in hAGT variants; (Danpure 2006)], mitochondrial

import rates may be limited by global unfolding rates

(Matouschek et al. 1997; Wilcox et al. 2005). Our unfolding
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kinetic analysis show that holo-AGTLRM variant consider-

ably speed up AGT irreversible unfolding compared to

AGTwt and AGTLM (Table 2). However, aggregation is

possibly slower at low (*physiological) temperatures, and

additional irreversible processes may compete intracellu-

larly for partially unfolded states, such as mitochondrial

import in the case of AGTLRM. From this viewpoint, kinetic

destabilization of the AGTLRM native state would contribute

to mitochondrial import of this AGT variant. The role of

protein:chaperone complexes in mitochondrial import has

been acknowledged for different protein systems (Bukau

et al. 2006; Kutik et al. 2007; Young et al. 2003; Baker et al.

2007), including hmAAT protein (Artigues et al. 2002). We

also show that partially folded states of AGT (especially for

the AGTLRM) variant may form complexes with Hsc70 and

Hsp90 proteins during the folding reaction in vitro (Fig. 6).

Increased steady-state levels of AGT:chaperones complexes

might also deliver the protein to the mitochondrial import

machinery, speeding up mitochondrial import. The forma-

tion of such partially folded AGT:Hsc70 complex, together

with the weak MTS induced by the P11L mutation (Danpure

2006) would play a role in the delivery of the partially folded

AGT protein to TOM complex and consequently, in mito-

chondrial mistargeting.

In conclusion, we have described the ability of hAGT

to form partially unfolded states resembling a molten

globule state and capable of binding to Hsc70 and Hsp90

chaperones under mild denaturing conditions. Moreover,

in vitro expressed AGTLRM variants show much higher

tendency to interact with those chaperones than the wt

protein, possibly due to a combination of decreased

kinetic stability of the native state and kinetic trapping of

partially folded states. These findings raise additional

questions about the local and specific roles of potential

interactions between native and partially folded states of

AGT with the multiple interacting elements of the

Fig. 7 Potential roles of molecular chaperones and cochaperones

(proteostasis network) on the folding, transport and degradation of

AGTwt and disease-related variants. Upon translation in the ribo-

somes, Hsc70 and Hsc90 bind to early folding intermediates (our

work; for sake of simplicity the intermediate is displayed monomeric

and binds chaperones in a 1:1 stoichiometry). These AGT:chaperone

complexes may deliver the non-native AGT to Hsp60 chaperones [see

(Cuellar et al. 2008) for Hsp70 delivery of substrates to Hsp60

proteins and (Albert et al. 2010) for the structure of a partially folded

AGT stably complexed to Hsp60 proteins] upon interaction with Hip

and Hop cochaperones, allowing AGT to reach the native and

assembled dimer and to be imported into peroxisomes through

interaction with the Pex5P receptor [through direct interaction with

the receptor, as shown in the high resolution structure for the

AGTfolded dimer:Pex5P receptor complex recently described; PDB

code 3IMZ; Wolf and Schliebs, unpublished work, or mediated by an

adaptor molecule as suggested by (Huber et al. 2005)], which is likely

not efficient in the absence of chaperones (indicated by the dotted line
and a question mark). However, the Hsc70:Hsp90:AGT complex may

also allow AGT delivery to the mitochondrial import machinery

(upon interaction with TOM20 or TOM70 receptors), or, by

interacting with Bag-1 and CHIP cochaperones, may target AGT

variants to the ubiquitin-dependent proteasomal degradation. Addi-

tional references are found in the main text
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proteostasis network (see Fig. 7), such as complexes with

Hsc70, Hsp90, and Hsp60 chaperones, their co-chaper-

ones [such as Hip/Hop or CHIP; (Hohfeld et al. 2001;

Meimaridou et al. 2009; Albert et al. 2010; Young et al.

2003)], and the effects of small ligands (Hopper et al.

2008; Santana et al. 2003) in determining the final fate of

AGT variants. We have initiated experiments using cell-

model systems to ascertain the impact of PH1 variants on

the AGT proteostasis network, and whether modulation of

this network might correct the molecular defects caused

by PH1 mutations.
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