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ABSTRACT. Cyclophilins (CyPs), by interacting with a variety of proteins, often modulate their biological
activities and thus have been implicated in several cellular functions. However, mechanisms that determine
such interactions are poorly understood. We earlier reported that an endoplasmic reticulum (ER)-located
cyclophilin (LdCyP) from the purine auxotrophic parasitic protozagmshmania doneani reactivated

its adenosine kinase (AdK). The AdK-reactivating property of LdCyP was however abolished at high
ionic strength but not by nonionic detergents. Modeling of LdCyP, based on its crystal structure solved
at 1.97 A resolution, revealed several solvent-exposed hydrophobic and charged residues. Mutagenesis of
several of such solvent-exposed residues was performed and their corresponding activities with regard to
their (i) AdK reactivation property, (ii) ability to form complex with the enzyme, (iii) capacity to induce

red shift in the intrinsic tryptophan fluorescence maxima of AdK, and (iv) efficiency to withdraw the
ADP inhibition from the AdK-mediated reaction were compared to the wild-type protein. Results indicated
that while the replacement of R147 with either A or D severely impaired all of the above characteristics
displayed by the wild-type LdCyP, the effect of mutating K114 and K153 was although relatively less
but nevertheless noticeable. Alteration of other exposed hydrophobic and charged residues apparently did
not have any discernible effect. Under the condition of cellular stress, the ER-located LdCyP is released
into the cytoplasm with concomitant increase both in the specific activity of the cytosol-resident AdK
and the uptake of radiolabeled Ado into the cells. These experiments, besides demonstrating the importance
of the positive charge, identified R147 as the most crucial residue in the Led&gR interaction and

provide evidence for the stress-induced retrograde translocation of LACyP from the ER to the cytoplasm.
A possible implication of this interaction in the life cycle of the parasite is proposed.

Cyclophilins (CyPs}, besides mediating the cyclosporin various enzymes, transcription factors, and heat shock
A (CsA)-induced immunosuppression, also participate in proteins have also been shown to be modulated by binding
various cellular processes ranging from cell division, receptor with CyPs (11—14). Sequence comparison of CyPs from
maturation, protein folding and its export, and protection various sources, all of which carry an associated peptidyl
against human immunodeficiency virus (HIV) infection to prolyl cis—trans isomerase (PPlase) activity, revealed the
several other important cellular stefd@s<10). Activities of presence of a central core domain consisting of a consensus

CsA binding motif and a predominance of ionic residues at

. o the C-terminal end15). In most cases, the C-terminus of
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variety of potentially pharmacologically active nucleoside the rate of formation of intracellular AMP. Concomitantly,
analogues, is considered as one of the prospective puringhe ER-located LdCyP was found to be released into the
salvage enzymes for chemotherapeutic manipulation. It hascytoplasm, thus providing first-hand evidence of retrograde
been demonstrated that the differential pattern of Ado translocation of LdCyP from the ER to the cytoplasm and
utilization between the intracellular amastigote and extra- implicating its possible role in enzyme regulation during
cellular promastigote forms is accompanied with a marked transformation.
increase in the specific activity of AdK in the amastigote
stage 21). However, to date there is no evidence to suggest MATERIALS AND METHODS
that the higher activity is due to increased protein synthesis. Materials. Unless otherwise stated, all of the chemicals
Since AdK plays a major role in the metabolism and uptake were of analytical grade and were obtained from Sigma
of Ado, a key modulator of various cellular functions, the Chemicals.
stage-specific activity of the enzyme may be relevant in the  Site-Directed Mutagenesidll mutations were carried out
context of the life cycle of this purine auxotrophic parasite. using Stratagene’s Quickchange site-directed mutagenesis kit.
Unlike multidomain CyP (CyP40) and FK506 binding Wild-type LdCyP harbors only one essential “Trp” residue
proteins, many single-domain CyPs (CyPA, CyPB, CyPC at position 122 that constitutes one of the amino acids of its
and ninaA etc) do not harbor the core tetratricopeptide (TPR) consensus CsA-binding motif (WLDGRHVVFG3}Z, 33).
domain @2). Yet, they are known to bind a large number of Since the LdCyP-mediated chaperone function described here
proteins &, 10—14). It was recently found thdt. donaani is CsA-independent, the W122 was mutated to G. The
AdK, which shows progressive decrease in its reaction rateresulting mutant (mLdCyP), despite the loss of its fluores-
during extended periods of reaction, could be reactivated cence emitting property, was equally efficient in reactivating
when near stoichiometric amount of LACyP was present in AdK and therefore turned out to be an excellent reagent for
the reaction mixture3, 24). This effect, exerted instanta-  studying fluorescence emission characteristics of the client
neously, shows isomerase independence and also occurprotein (AdK) during its interaction with LdCyP28).
under simulatedh vivo conditions where AdK was allowed  Because of this advantage, unless otherwise stated, most of
to coexpress with LdCyP, thereby indicating the interaction the mutations were carried out on the mLdCyP DNA
to be quite specificZ5). However, unlike other chaperone  template cloned in the N-terminal (Hisiagged expression
protein interactions, the LdCyPAdK association appears plasmid (pQE32). The following sense primers, with their
to be weak and could be detected only in the presence ofsubstitution sites underlined, along with their antisense
protein cross-linkers24, 26—30). Furtherin vitro studies counterpart were used: K99L)-6GGACGGGCGGCT-
indicated that (i) ADP, one of the products of the reaction, GTCGATCTACGGC-3; K105I, 5-GTCGATCTACGGC-
induced aggregation of the enzyme resulting in its inactiva- GAAATC TTCGCGGACGAGAAC-3, E109L, 3-GGCGAA-
tion and (ii) LACyP, by interacting with AdK, disaggregated AAGTTCGCGGACCTGAACTTGAACGTAAAACAC-3';
the enzyme by competing out the ADP, resulting in K114M, 5-GACGAGAACTTGAAGCTAATGCACTTTGT-
withdrawal of inhibition caused by ADP-mediated aggrega- GGGTGCGCTG-3 K114R, 3-CGAGAACTTGAAGCTAA-
tion. This is reflected in reactivation of the enzyni3) GACACTTTGTGGGTGCGC-3K114D,3-GACGAGAACT-
Clearly, therefore, the mechanism by which LdCyP reacti- TGAAGCTAGACCACTTTGTGGGTGCGCTG-3R147A,
vates AdK is unique and differs from other single-domain 5-CCGTGGCTTGATGGGCCCATGTGGTTTTCGGC-
CyP—protein interactions4, 10, 31). Despite all of these  3'; R147D, 5-CCGTGGCTTGATGGGACCATGTGGTT-
indications, very little is known regarding the mechanism TTCGGC-3; R147K, 8B-CGCCGTGGCTTGATGGBAG-
of interaction and specific determinant(s) that dictate the CATGTGGTTTTCGGC-3 K153M, 5-CATGTGGTTTTCG-
binding specificity of this single-domain LdCyP toward AdK GCATG GTGCTTGATGGTATGC-3 K153R, B-CATGTG-
or for that matter any CyPprotein interactions, in general. GTTTTCGGQGGGTGCTTGATGGTATGC-3, K153D,
Another aspect of the present work involves studies related5'-CATGTGGTTTTCGGGACGTGCTTGATGGTATGC-
to the biological implication of this interaction. Unlike other 3'; D159V, 8-GCTTGATGGTATGGTCGTGGTCGTCCG-
organismsL. donaani appears to lack a CyP-like protein C-3;R163A,53-GGACGTGGTCGTGCCATCGAGAAGAC-
in its cytoplasm 82). The only CyP-like activity (LdCyP)  AAAGAC-3’; K168M, 5-CGCATCGAGAAGACAAT-
that has been shown to be present in this parasite is localizedSACGAACAGCCACGATCGC-3; R174A, 3-ACGAA-
in the endoplasmic reticulum (ERBZ). On the contrary, =~ CAGCCACGATGCCCCGGTGAAGCCC-3 K177M, 5-
AdK is strictly a cytosolic enzyme, thus raising a question CACGATCGCCCGGT@TGCCCGTGAAGATCG-3K177R,
about the physiological feasibility of this interaction. 5-CGATCGCCCGGTEGGCCCGTGAAGATCG-3, FI3G,
To provide answers to the above queries, we have adapted'- GACTTCACCAAOGGCGATGGCACGGGC 3 Y102N,
the structure-guided site-specific mutagenesis approach to5'- GGCGGCAAGTCGATOAAC GGCGAAAAGT-
identify the amino acid residues of LdCyP involved in TCGCGGAC-3;, F90G, 5- CAGGGCGGCGAGGCAC-
binding to AdK. The results show that surface-exposed CAACTTCGATGGC-3. Mutations were confirmed by
hydrophobic residues of LACyP exert the least influence on automated DNA sequencing in a Perkin-Elmer ABI Prism-
the binding and reactivation of the enzyme. Likewise, acidic DNA sequencer.
residues also did not have a detectable effect. In contrast, Expression and Purification of ProteinBetailed methods
mutation of some of the solvent-exposed positively charged of expression and purification of wild type and its various
amino acid residues resulted in dramatic loss of activity. The mutant forms of LdCyP and AdK have been published
results also indicated that, under the condition of cellular elsewhere43, 24, 34). Detailed CD analysis of the mutant
stress, the specific activity of the cytosol-located AdK proteins failed to detect any change in their structures (data
showed marked increase with concomitant enhancement innot shown).
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AdK Reactiation Assay.The reactivation of AdK was [*H]Ado Incorporation StudiesTo determine intracellular
monitored under saturating substrate concentration using theAMP formation, late logarithmically growh. donaani cells
radiochemical assay procedure as described ea?gz2124, were harvested, washed twice with ice-cold PBS, and

34, 35). Wherever indicated, wild-type and mutant LdCyPs, resuspended in HBSS buffer (4 10’ cells/mL) lacking
KCI, NH4CI, and various detergents were included as per purines @2). The incorporation experiment was performed
requirement of the respective experiments. Unless stated, alwith three different sets (0.9 mL each) of cell suspensions.
of the assays were performed at 30 for 30 min. For The first set of cell suspension was incubated af@6as
product inhibition studies with ADP, assays were performed the control while the other two sets were exposed t6G7
for 15 min at 30°C in the presence of 400M ATP as either in the absence or in the presence gdH75uM) as
described previously2Q). the oxidizing agent43). After 1 h of incubation under this
Cross-Linking StudiesDSS-mediated cross-linking of  condition, H]JAdo (2000 cpm/pmol, 2Q:M) along with
AdK (10 uM) with either wild type or different mutants of  inosine and adenine was added to the cell suspension at final
LdCyP (10 and 3QuM) was carried out following earlier ~ concentrations of @M, 0.1 mM, and 0.1 mM, respectively
methodology 24). The separated protein bands were visual- (42). In L. donaani, the metabolism of Ado can take place
ized following immunoblotting with rabbit polyclonal anti- by three different route2(Q). In the first pathway, Ado can
serum raised against AdK. be directly phosphorylated to AMP by AdK, whereas in
Fluorescence Measuremeihttrinsic tryptophan fluores-  second and third pathways, Ado can either be deaminated
cence of AdK was monitored using a Hitachi F-4500 to inosine by adenosine deaminase present in the amastigotes
spectrofluorometer as described in previous rep@2s25). or be converted to adenine by adenase, present exclusively
Briefly, to study the influence of LdCyP on the emission in the promastigote stage of the life cyc2l). Therefore,
property of Trp fluorescence of AdK, the nonfluorescent inclusion of inosine and adenine in the reaction mixture
mLdCyP and its R147A mutant form were used, wherever minimized the extent of conversion ofH{]Ado to inosine
indicated. The buffer contained 20 mM Tris-HCI (pH 7.5) and adenine via adenosine deaminase and adenase pathways,
and 1 mM DTT. The concentration of AdK wasuM. The respectively, if any 42). At indicated time intervals, cell
concentrations of mLdCyP and its R147A form were suspension (0.2 mL) from each set was removed and placed
maintained at 2«M each. on a boiling water bath. After sonication in presence of Triton
Subcellular Fractionation. L. don@ni (UR6) promastig- X-100 (10%), all of the suspensions were centrifuged.
otes were grown in solid bloegagar media as described Aliquots (50uL) were withdrawn from the clarified super-
elsewhere 36). Cells, harvested from the late logarithmic natant and assayed for AMP formation after spotting on DE-
culture, were washed twice by centrifugation at 12@0 81 paper as described previousBb).
°C) for 15 min in HBSS with sodium bicarbonate, pH 7.2 Immunodepletion Experimentmmunoprecipitation of
(University of lowa Cancer Center). Promastigotes were then LdCyP from the cytosolic extracts of unstressed and stressed
resuspended in 500 mL of HBSS at a cell count of 30°/ cells was carried out as follows. Initially, preswelled protein
mL. Baseline viability was quantified microscopically ac- A—Sepharose CL-4B was incubated separately with either
cording to flagellar motility by grading a minimum of 200 preimmuned sera or LdCyP-polyclonal antisera at room
promastigotes as motile (viable) or nonmotile (nonviable). temperature for 3 h. Using ice-coldx1PBS (pH 7.5), the
To mimic the mammalian macrophage environment, unadsorbed protein was thoroughly washed off from the
donavani cells were grown in HBSS at 37C alone or in beads. To each cytosolic extract (206), as indicated, 75

conjunction with 75M H,0; (sublethal concentrationy{— uL of the antibody-conjugated protein-*Sepharose CL-
39). Parasites grown at Z& in HBSS served as the control. 4B (an equivalence for rabbjitglobulin in order to facilitate
The following procedures were performed at°@ for immunoprecipitation) suspension was added and kept for an

subcellular fractionation. Cells grown under different condi- additiond1 h at 30°C followed by 30 min in ice. As control,
tions were centrifuged and washed twice in STE buffer (0.32 treatment of the extracts with preimmuned sera-treated
M sucrose, 25 mM Tris-HCI, and 1 mM EDTA, pH 7.8). protein A—Sepharose 4B was also carried out simulta-
Pelleted cells were mixed with silicon carbide to form a paste neously. All of the mixtures were centrifuged, and the
and disrupted by grinding with a pestle and mor#&g, @1). supernatants obtained were assayed for enzymatic activity
Grinding was continued until 90% of the cells were lysed using the standard assay condition or for immunoblotting.
as viewed by phase-contrast microscopy. The suspension was Modeling StudiesThe crystallization and low-resolution
diluted 5-10-fold in STE buffer and briefly centrifuged for  structure of LACyP has already been reporéed).(The high-

3 min at 10@. The pellet was washed once in STE buffer resolution crystal structure of LdACyP was solved by molec-
and centrifuged. The combined supernatants were centrifugedilar replacement (AMoRe) using the homologous molecule
for 10 min at 100Q to remove nuclei and unbroken cells. from Trypanosoma cruz{PDB code 1x07) as the search
The resultant supernatant was then centrifuged at 1gt500 model @5). Subsequently, the three-dimensional model was
for 10 min. The pellet obtained contained the large granular built on a Silicon Graphics workstation utilizing the O
fraction. The supernatant was spum foh at13900@. The software and refined using CN8§, 47). Several cycles of
resulting supernatant was the cytosolic fraction. The pellet alternating manual model building and refinement led to the
dissolved in the STE buffer contained small granules termedfinal high-resolution crystal structure of 1.97 A with &

as the microsomal fraction. Microsomal (@) and cytosolic and Ryee Of 0.178 and 0.197, respectively. The model was
(500 uQg) fractions of each culture were then subjected to validated by PROCHECK and exhibted no residues in
SDS-PAGE (13%) and analyzed by western blotting using disallowed regions of the Ramachandran p#8)( The rms
LdCyP, AdK, and anti-calreticulin (BD Bioscience) poly- deviations in bond lengths and bond angles were 0.007 A
clonal antisera. and 1.40, respectively. Although the details of the high-
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§ 15 Table 1: Fraction of Surface Accessibility of Putative Interacting
2 Residues of Cyclophilin Based on the Crystal Structure of the
5104 Moleculet
E burial profile of selected residues in
X s full-length cyclophilin
<zc fraction of
ER . . . residue SAA SAA exposed
=00 0.5 1.0 1.5
F90 26.59 0.13
o [aaM . o F93 95.48 0.47
Ficure 1: LdCyP reactivation of AdK as a function of ionic K99 88.66 0.40
strength. The enzyme (50 nM) in the presen®@e ©) or in the Y102 98.28 0.42
absence(, W) of CyP (5uM) was assayed in the presence of K105 94.15 0.42
increasing KCI ©, O) and NH,C| (@, H) concentrations. E109 60.84 0.31
K114 147.43 0.66
resolution crystal structure will be reported elsewhere Eigg 13'52 8'35(?
(manuscript in preparation), the coordinates have been Rie3 127.98 0.50
deposited in the Protein Data Bank (PDB code 2haq). The k168 156.18 0.70
mutant models were generated by the MODELLER software R174 128.74 0.50
using the coordinates of 2haq as the templé® (The buried Kir7 93.32 042

residues were determined by calculating their “solvent- 2 SAA represents the solvent-accessible area (probe radius 1.4 A)

accessible area” (SAA) in the protein and computing their of individual amino acids based on crystal structure coordinates.

. . : : . Fraction of SAA exposed refers to the fraction of the solvent-accessible
ratios with SAA of the same amino acid (X) in a Gly-X- area exposed to the solvent in the three-dimensional structure relative

Gly tripeptide 60, 51). Residues with a ratio less than 0-05_ to a completely exposed conformation (Gly-X-Gly fragment) of the
were considered as completely buried. The electrostatic same residue, calculated using the published met&8d5(). Visual
surfaces of the models were calculated using GRASP with enumeration shows that residues with fraction of SAA.30 are

a color range from-18.(kT (red) to+18.0kT (blue) Q9). predominantly exposed to the solvent.
RESULTS which allowed inspection of the surface features of the
o - protein, (ii) the high degree of sequence conservation of the
AdK Reactiation Is Salt but Not Detergent Senséi To binding site residues among CyPs from other sources (Figure

investigate the nature of the interaction, the LdCyP-medIated 2)' (|||) an earlier result demonstrating h|gh potency of a

AdK reactivation assay was performed in the presence truncated LdCyP, devoid of the first 88 amino acid residues
increasing concentrations of monovalent salts and different from the N-terminus, in reactivating Adk4), and (iv) the
nonionic detergents, used at concentrationsX%) sufficient  apjlity of mammalian CyPA to reactivate parasitic AdK and
to inhibit interaction between some but not all prOIEiﬁg,( vice versa (da‘[a not presented)_ On the basis of these
53). Results showed that LdCyP-mediated AdK reactivation gpservations and the fraction of surface-accessible area
remained unaffected in the presence of a battery of nonioniC(SAA) (=0.25) exposed, several hydrophobic and charged
detergents. Sorbitol and glycerol also did not have any effect residues (viz., F90, F93, K99, Y102, K105, E109, K114
(data not shown). Surprisingly however, salt, which as such R147, K153, D159, R163, K168, R174, and K177), located
did not have any discernible effects on the activity of the especially at the C-terminal end of the protein, were selected
enzyme as measured by our assay system, completelyand targeted for mutagenesis (Table 1). The LdCyP mutants
abolished the LdCyP-mediated reactivation of AdK (Figure ere expressed iBscherichia coli purified, and tested for
1) The extent of inhibition of the LdCyP-Stlmulated aCtiVity, their (|) AdK reactivation property, (||) ab|||ty to form a
which was initially directly proportional to the concentration complex with the enzyme, (iii) ability to induce a red shift
of the salt, reached a plateau level that corresponded withof the intrinsic tryptophan fluorescence maxima of AdK, and
the activity displayed by the enzyme in the absence of (jy) efficiency to withdraw the ADP inhibition from the AdK-
LdCyP. Additional salt failed to augment any further mediated reaction.
inhibition. These results indicated that the reactivation of R147— A or D Mutation Abrogates the AdK Reagiting
AdK which resulted due to its interaction with LdCyP was Property of LdCyP Fo”owing the reactivation assay, the
sensitive to hlgh ionic Strength, a flndlng consistent with extent of AdK stimulation as a function of Chaperone
many other reports5¢, 54, 55). concentration was monitored using various mutants of
Selection of Interacting Residues of LdCyP Based on Its LdCyP. The reactivation assay indicated that substitution of
Crystal Structure.Beside ionic interaction, several other hydrophobic residues (F90, F93, and Y102) with nonpolar
interacting forces are known to be involved in stabilizing glycine barely reduced the capacity of the respective mutant
protein—protein recognition §6). However, in view of the proteins to stimulate AdK. Similarly, mutation of several
results of the preceding section, it appeared that ionic residuescharged residues, viz., K99L, K105I, E109L, K99L/E109L
probably play an important role in the interaction. In order double mutant, R163A, K168M, and R174A, failed to show
to determine how much contribution the charge makes overany significant reduction in AdK stimulating activity and
other forces in this particular interaction, an algorithm was were therefore excluded from subsequent experiments (data
designed to identify the exact amino acids directly involved not shown). In contrast, alterations of R147 to A led to almost
in the binding. Several experimental observations guided the complete loss of its ability to reactivate AdK activity (Figure
procedure: (i) the availability of the high-resolution (1.97 3A). Mutant R147— D also gave similar results (Figure
A) LdCyP crystal structure (PDB accession code 2hagq), 3A). However, K114 to M and K153 to M mutations of
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Ldon MRFVAVLAVVLCALSFLNVAA-———————— EPEVTAKVYFDVMIDSEPLGRITIGLFGKD 51
hCyPB MKVLLAAALIAGSVFFLLLPGPSAADEKKKGPKVTVKVYFDLRIGDEDVGRVIFGLFGKT 60
Cele W  ———mmmmmmmmmmmm MSR-SKVFFDITIGGKASGRIVMELYDDV 28
Athal = —————— MAF-PKVYFDMTIDGQPAGRIVMELYTDK 28
Tcru - —-MRKINVPSKGERRRGIPV-———————~ EVSRNPKVFFDISIDNKPSGRIKMELYADT 48
hCYPA ——mmmmmm e MVN-PTVFFDIAVDGEPLGRVSFELFADK 28
pfal = @ mmmmmmm e SKRSKVFFDISIDNSNAGRIIFELFSDI 28
Tgon MKLVLFFLALAVSGAVA-———————————— ENAGVRKAYMDIDIDGEHAGRIILELREDI 47
oKk . . * Kk . . *
! 1l # 1
Ldon APLTTENFRQLCTGEHGFG---—---~- YKDSIFHRVIQNFMIQGGDFTNFDGTGGKSIYGE 104
hCyPB VPKTVDNFVALATGEKGFG---—--~- YKNSKFHRVIKDFMIQGGDFTRGDGTGGKSIYGE 113
Cele VPKTAGNFRALCTGENGIGKSGKPLHFKGSKFHRI IPNFMIQGGDFTRGNGTGGESIYGE 88
Athal TPRTAENFRALCTGEKGVGGTGKPLHFKGSKFHRVIPNFMCQGGDFTAGNGTGGESIYGS 88
Tcru VPKTAENFRALCTGEKGRGKSGKPLHYKGCVFHRVIPGFMIQGGDITRGNGTGGESIYGM 108
hCyPA VPKTAENFRALSTGEKGFG————-——— YKGSCFHRIIPGFMCQGGDFTRHNGTGGKSIYGE 81
pfal TPRTCENFRALCTGEK-IGSRGKNLHYKNSIFHRIIPQFMCQGGDITNGNGSGGESIYGR 87
Tgon APKTVKNFIGLFDK---—-—-————-——— YKGSVFHRIIPDFMIQGGDFENHNGTGGHSIYGR 95

*x % * * * .k *k koo Kk * Kk kkkk e ek e kk  khkkKk

Ll [ 1L #

Ldon KFADENLN--- F-VGALSMANAGPNTNGSQFFITTAPTPWLD 159
hCyPB RFPDENFK---Lii#IYGPGWVSMANAGKDTNGSQFFITTVKTAWLD 169
Cele KFPDENFK---EWHTGPGVLSMANAGPNTNGSQFFLCTVKTEWLD 144
Athal KFEDENFE--- TGPGILSMANAGANTNGSQFFICTVKTDWLD 144
Tcru NFRDESFSGKA! TGVGCLSMANAGPNTNGSQFFICTANTPWLD 167
hCyPA KFEDENFI---Li$ITGPGILSMANAGPNTNGSQFFICTAKTEWLD 137
pfal SFTDENFN--- DQPGLLSMANAGPNTNSSQFFITLVPCPWLD 143
Tgon RFDDENFD---LI$IE-RGVISMANAGPNTNGSQFFITTVKTEWLD 151
* **.: * % * :****** :**.****: . ***.:*****::
#
Ldon VVLRIEKTKTNSHDRPVKPVKIVASGEL---————————————————————————————— 187
hCyPB VVRKVESTKTDSRDKPLKDVIIADCGKIEVEKPFAIAKE-—-—-————-—-————————————— 208
Cele VVKAVESNGSQS-GKPVKDCMIADCGQLKA-————————————————————————————— 173
Athal VVKAIEKVGSSS-GKPTKPVVVADCGQLS-—————————————— - ————mm——————— 172
Tcru VVRRVERLGSES-GKTRGRIIIADCGEVVVPEPKEQPTKQKDEVKKDTLTASNAEATVKK 226
hCyPA IVEAMERFGSRN-GKTSKKITIADCGQLE-——--———-—-—————————————————————— 165
pfal VVREMEKEGAKS-GYVKRSVVITDCGEL---————-—-———-—-——————-—————————————— 170
Tgon TVQAIEALGGSG-GRPSKVAKITDIGLLE--—--—-——-—-—-———————————————————— 179
* .k . * .

Ldon —-----m—m-mm-—mm— oo

hCyPB ~ —————m— oo

Cele —==m—-—m—mmmmmmmm e

Athal -

Tcru RPRVSNEESDEVKKRIQEKKAKIAQLREQLEK 258

hCyPA -

pfal e

Tgon =  ———————————————————————————————

Ficure 2: Comparison of the predicted amino acid sequence of LdACyP (accession no. AAD46565) with CyPs from human CyPA (accession
no. 1CWLA), human CyPB (accession no. AAA5215Cgenorhabditis elegan@ccession no. P52011Arabidopsis thallianaaccession

no. P34790),T. cruzi (accession no. O76990F. falciparum (accession no. 1QNGA), anfl. gondii (accession no. AAA17997). The
sequences were aligned by the CLUSTAL W program. Amino acid residues predicted to be involved in CsA binding and calcineurin
docking are represented b)) @nd (#), respectively. Amino acids indicated by dark boxes are the probable targets of AdK docking.

LdCyP led to somewhat variable degrees of reduction inthe The observed stimulatory effect of the wild type and
AdK-stimulating property in comparison to the wild-type R147K mutant was discernible regardless of whether the
LdCyP (Figure 3A). Mutant K114~ D and K153— D reaction mixture contained the respective chaperones from
proteins also were partially inactive (data not shown). In this the beginning of the reaction or was added at later times
context it needs to be pointed out that, in CyPs from many during the progression of the reaction. However, the R147A
other sources, the amino acid equivalent of R147 of LdCyP mutant was inactive under both circumstances (Figure 3C).
is replaced with K (Figure 2). It was therefore of interest to Collectively, these results are consistent with the interpreta-
investigate whether the AdK-stimulating activity displayed tion that whereas the positive charge on the residue 147 is
by LdCyP is R147 specific. To determine this, the inactive €ssential, the positive charges on residues K114 and K153
R147A mutant was remutagenized to R147K. Interestingly, @ppear to play some sort of supportive roles in the reactiva-
the R147K mutant protein became as active as the wild- tlon process.

type LACyP in stimulating AdK (Figure 3B). Likewise, the The Electropositie Character of “Residue 147" Is Crucial
AdK-stimulating abilities of K114R and K153R mutants also for Complex FormationSince a direct contact between AdK
improved to a large extent over K114M and K153M mutants and LdCyP is a prerequisite for reactivation, the loss of the
(Figure 3B). reactivating property of some of these mutant LdCyPs could
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Ficure 3: Surface positive charges of LdCyP are indispensable

for the reactivation process of AdK. The activity of the enzyme
AdK (50 nM) was monitored in the presence of indicated
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Ficure 4: Comparative ability to cross-link AdK with wild type
and various mutants of LdCyP provides the evidence of direct
interaction. AdK (1QuM) was incubated with DSS in the presence
of wild-type LdCyP and its various mutants. Lane 1 shows control
AdK without DSS, lanes 2 and 3 indicate AdK with DSS, lanes
4—9, in order, indicate AdK with wild-type LdCyP (14M), R147A
(15uM), R147A (30uM), R147K (104M), R147D (151M), and
R147D (30uM), respectively. The arrow indicates thes6 kDa
band corresponds to the LdACyP-AdK adduct. For details, refer to
Materials and Methods.

interpretation that while the positive charge on the residue
147 is crucial and forms the nucleus of binding, K114 and
K153 possibly play a supporting role in stabilization of the
binding.

The R147A Mutant Fails To Induce Conformational
Modulation of AdK, Thereby Prenting Withdrawal of ADP
Inhibition. By using the “mLdCyP-mediated tryptophan

concentrations of the wild-type and various mutant proteins from fluorescence red shift of AdK” as an assay system, it has
the beginning of the reaction (A and B). Reactivation of AdK was recently been shown that LdCyP induces some sort of
carried out in the presence of mutant LdCyP, where the positively ~qnformational reorientation of AdK, resulting in reduced

charged residue was substituted with either nonpolar hydrophobic _.. . . .
residues or acidic residues (A) and with other corresponding basic &Ity Of the enzyme toward ADP with consequent relief

amino acids (B), whereas in the results depicted in (C), the wild Of the enzyme from its own product-mediated inhibitiag)(
type and mutant chaperone were added after 30 min (indicated byln the present experiment it is shown that AdK, in the

V) of AdK reaction without it. Corresponding symbols were
explained in the respective figure.

be due to (i) lack of interaction between the two proteins,

presence of mLdCyP, showed a distinct red shift in its
fluorescence maxima (Figure 5A, curve 2). However, the
R147A mutant of mLdCyP failed to induce such an effect

(ii) loss of chaperone function of these mutant CyPs despite on the AdK (Figure 5A, curve 3). The inability of the R147A

proper interaction, or (iii) loss of both of the properties. In

mutant to induce such a red shift is also reflected in its

order to determine the mechanism that limits the process,reduced efficiency to withdraw ADP inhibition from the

AdK was allowed to interact with various mutants of LdCyP
in the presence of the protein cross-linker, D23, 25).
From the results it is clear that the inactive R147A mutant,
unlike the wild-type LdCyP, failed to form the DSS-mediated
AdK—LdCyP adduct £56 kDa), an established indication
of complex formation between the two proteins (Figure 4,
lanes 5 and 6)24, 25). However, the same band could be
immediately visualized when R147K, instead of R147A, was
used to interact with AdK (lane 7). In contrast, mutant
R147D, which failed to stimulate the enzyme activity, also
could not form the adduct (lanes 8 and 9). Similarly, K114M
and K153M proteins, which failed to stimulate AdK as
efficiently as the wild type or the R147K mutant, were unable
to form a complex with AdK (data not presented). Another
notable aspect is the observation that addu&g kDa band)
formation was invariably associated with a concomitant

AdK-mediated reaction (Figure 5B). In contrast, the behavior
of R147K was similar to mLdCyP in terms of both of these
properties, thereby providing support to the interpretation
that loss of the AdK-reactivating property of R147A LdCyP
was clearly due to its inability to bind to AdK, a step
prerequisite for the subsequent conformational reorientation
of the AdK molecule. SternVVolmer analysis of the interac-
tion, often utilized for studying such binding properties,
between AdK and LdCyP or its R147A mutant in the
presence of small-molecule quenchers, Kl and acryamide,
also provided additional support to such an interpretation
(Figure 6).

Stress Induces Dislocation of the ER-Located LdCyP into
the Cytoplasm.As opposed to AdK which is located
exclusively in the cytoplasm, LdCyP is sequestered in the
ER of the parasite3R). Moreover, despite extensive efforts

increase in the extent of disaggregation of the protein, asno CyP-like protein has yet been detected in the cytoplasm
evident from the accumulation of increased amounts of of L. donaani (32). Thus the biological function of this
protein at a position corresponding to monomeric size of interaction becomes questionable. However, there are reports
AdK (38 kDa). Taken together, these results support the from several laboratories indicating that CyP, like Hsp70, is
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60000 1 A microscope but were nevertheless motile (not shown).
Cellular subfractionation of both treated and untreated cells
and immunoblot analysis of cytosolic and microsomal
extracts from these cells with polyclonal LdCyP antibodies
clearly indicated that the treated cells did not show any
increase in the content of the existing LACyP (Figure 7).
Moreover, there was the appearance of hardly any other new
additional LdCyP-antibody reactive proteins on the immu-
noblot. In this connection it should be pointed out that, due
to the antigenic commonality among various isoforms of
0 T 1 CyPs, the LdCyPpolyclonal antibody used in the present
300 345 390 experiment was earlier shown to react with CyPs from
Wavelength (nm) various sources3@). Therefore, induction of any other
additional CyP homologue, if at all any, should have been
100- B detected under this experimental condition. On the contrary,
the experiment showed that LdCyP, which was located
exclusively in the microsomal fraction of the untreated cells
(Figure 7, panel A, lane 1), appeared in the cytoplasm of
the treated cells (Figure 7, lanes 4 and 6). To rule out that
this was not a generalized nonspecific phenomenon occurring
due to damage of the cells or some other artifacts of cellular
60+ subfractionation, immunoblotting of these extracts was
50] & RuTAGHE carried out with antibodies raised against AdK (38 kDa) and
+RI47K CyP ER-anchored calreticulin (CR) (60 kDa$1). The results
0 100 200 300 400 showed that AdK (Figure 7, panel B, lanes 2, 4, and 6) and
[ADP] uM _calreticulin (Figure 7, panel _C, lanes l 3, and 5), as found
in the untreated cells, remained localized to the cytoplasm

Ficure 5: Mutant (R147A) LdCyP fails to induce conformational ; ;
modulation of AdK and withdraw ADP inhibition from the AdK f"“:d E.?’ rffhpegfévf'y' '”.]f.regtedd CE!'S a's7°‘ Morel%velr' the
reaction as well. (A) The fluorescence emission spectra of AdK (1 Intensity or the -specific band (Figure 7, panel B, lanes

uM) were monitored in the absence (curleand in the presence 2, 4, and 6) remained more or less same in both untreated
of 2 uM mLdCyP (curve 2) and R147A (curve 3) proteins, and treated extracts, indicating no change in the level of the
respectively. Excitation was performed at 295 nm. The excitation enzyme upon treatment. It is also to be noted that the

and emission slit length was set at 5 nm in each case. (B) The ; ; .
observed inhibition of AdK by ADP @) was reassessed in the molecular mass of the immunoreactive protein (17.8 kDa),

presence of wild-typer), R147A (1), and R147K @) LdCyP detected in the cytoplasm of the stress-induced cells, cor-
proteins. The concentration of the chaperone was maintainedhat 5  responded with the size of the ER-located LdCyP and was
significantly smaller (by~2.9 kDa) than the size predicted
A 1200 B from the open reading frame3%). Moreover, the same
N-terminal sequence of the LdCyP (EPEVTAK) from both
31 cytoplasmic and microsomal fractions of the stressed cells
6.5 confirmed the identity of the two proteins. Therefore, the
24 possibility that the appearance of the LdCyP in the cytoplasm
could rather be due to stress-induced blockage of translo-
1 . . Lod , , cation of the nascent peptide from the cytoplasm to the ER
0.00 025 0.50 0.00 025 0.50 can be ruled out. Taken together, the results are consistent
(K1} mM [Acrylamide] M with the interpretation that stress must be responsible for
FIGURE 6: Comparison of SteraVolmer plots of fluorescence  discharge of the LdCyP from the ER to the cytoplasm by a
quenching of AdK ) by KI (A) and acryamide (B) in the presence  mechanism involving retrograde translocation. Such type of
of mLdCyP ) and R147A Q) LdCyP. stress-induced dislocation of proteins has already been
indeed induced in various organisms when exposed to heatdocumented §2—64). The fact that LdCyP, even after
or other environmental shock§7—59). SincelL. donaani, discharge from the ER, remained equally active was con-
during transformation from its extracellular promastigote firmed when we observed higher specific activity of AdK
form to the intracellular amastigote, faces a hostile environ- in the cytosol of the treated cells in comparison to the
ment of the macrophage consisting of acidic pH, high cytosolic extract of the untreated cells, thus supporting the
temperature, and oxidative stress, it was of interest to findings that unfolding is not a prerequisite for ER to cytosol
investigate the status of CyP in the parasite under stressedlislocation (Figure 7, panel DF§).
condition 60). With this end in view, we exposed late Stress Facilitates Increased AMP Synthesis in L. dand
logarithmically grown cells at high temperature (32) in It is an established fact that AdK, because of its ability to
the absence or in the presence ofO:l that is known to phosphorylate Ado, provides the driving force for the uptake
mimic the condition inside the macrophad&/{39). The of Ado from the extracellular environment into the cé&l6{-
concentration of KO, was chosen in such a manner to avoid 68). Since cytoplasm-located AdK, despite its unchanged
the killing of the parasite38). Following the treatment, these level, showed higher activity in the stresdedlonaani cells
cells, unlike the normal cells, looked rounded under the relative to its unstressed counterpart, it was of interest to
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FIGURe 7: Stress induces dislocalization of LdCyP from the ER to the cytoplasm. Following cellular subfractionafignoB®icrosomal

(lanes 1, 3, and 5) and 50@ of cytoplasmic (lanes 2, 4, and 6) fractions from the normally grown (lanes 1 and 2), heat (lanes 3 and 4),
and HO, + heat-exposed (lanes 5 and I6) donaani promastigotes were subjected to SEFSAGE analysis and immunoblotted with
polyclonal LdCyP (A), AdK (B), and calreticulin [CR] (C) antibodies. Panel D represents the levels of AdK activity present in the cytosolic
extracts from these heddl] and HO, + heat (1) treated cells being depicted and compared with the activity present in the normal cell
cytosolic extract ©) with its increasing concentrations.
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Time of incorporation (min) Ficure 9: Activity of AdK in LdCyP-depleted cytosolic extracts
FIGURE 8: Kinetics of AMP formation in normally growrd), heat of unstressed, heat stressed, and Heatxidatively stressed..
(0), and HO, + heat () exposed.. donasani cells. Experimental donavani cells. The cytosolic extracts from the unstressed and
details are in the Materials and Methods section. stressed cells were subjected to treatment with LdCyP antibody-

conjugated protein ASepharose 4B. Following immunoprecipi-

. . tation of LdCyP, each extract was assayed for AdK activity. The
determine the status of AMP levels in both treated and control experiments without treatment and with preimmuned sera-

untreated cells. In order to ascertain this, #]Ado conjugated protein ASepharose treated extracts were also carried
incorporation experiment was carried out in both normal and out using the identical procedure. Activity displayed by the
stressed cells, and the level GHJAMP was determined unstressedl. donasani cytosolic extract prior to immunodepletion
(Figure 8). The kinetics oPH]Ado incorporation indicated ~ Was taken as 100%.

that the extent of AMP formed was indeed much higher in
the stressed cells as compared to the normal cells. Thes
results, when considered in conjunction with the concomitant
release of ER-located LdCyP into the cytoplasm of the . =
stressed cells, provide evidence in favor of LdCyP being pleted extracts corresponded with the activity level shown
probably responsible for the increased activity of the enzyme, bY the unstressed cytosolic extract. As expected, treatment
resulting in an increased yield of AMP in the stressed cells With the preimmuned serum hardly had any effect on any of
(Figures 7 and 8). The relevance of this observation in the extracts. These results clearly established that LdCyP

relation to the biology of the parasite will be discussed in a dislocated int_o the cytopla;m pf the stressed cell; most likely
subsequent section was responsible for reactivation of the AdK activity.

Immunodepletion of LACyP Prents AdK Reactation.
Levels of a wide variety of proteins are known to be altered
upon exposure of. donaani promastigotes to heat stress Chaperones are usually defined by their ability to prevent
or treatment with hydrogen peroxid2Q, 38, 43). Therefore, aggregation of proteins following binding to its non-native
a question might arise as to whether the obselned vo early folding intermediates and assisting them in reaching
reactivation of AdK under stressed condition was due to the their final native conformation6@). To this end, several
induction of some other heat-induced chaperonic proteins.chaperones have been reported of which CyP is considered
In order to investigate such a possibility, the cytosolic extracts as one of the candidates(). During the past decade, a wide
from both unstressed and stressed cells were depleted ofvariety of cellular proteins have been shown to undergo
LdCyP using LdCyP-antibodies bound to protein-8epha- specific association with CyP4-{10, 12—14). Despite this,
rose 4B. Following immunodepletion, the extracts from each there are presently only very few studies describing the
set were assayed for AdK activity under the identical biochemical mechanism of interaction of CyP with its client
condition. The results in Figure 9 clearly showed that, unlike proteins 71). In the present work, deviating from the
the cytosolic extract obtained from the unstressed cells, theestablished notion of chaperone function, we describe a novel
cytosolic extracts of the stressed cells following immuno- mechanism by which LdCyP reactivates an enzyme. Using

edepletion displayed lower levels AdK activity as compared
to its corresponding untreated or preimmuned serum-treated
extracts. Significantly, this low activity of these immunode-

DISCUSSION
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Ficure 10: Spatial location of interacting residues on LdCyP in its native structure. (A) The ribbon diagram model, prepared using RIBBON,
shows the relative positions of R147, K114, K153, and K177 relative to the CsA-binding residues Trp (W143), Leu (L144), and His
(H148). The model is based on the coordinates calculated from the 1.97 A crystal structure of LdCyP (PDB accession code 2haq). (B)
Surface charge distribution of the modeled LdCyP was carried out using the procedure described in the Materials and Methods section.
Negatively charged residues are in red, and positively charged residues are in blue. White represents both hydrophobic and neutral polar
residues. Electrostatic surfaces were calculated using GRASP. The color range is¥8@T (red) to+18.KT (blue).

AdK as the substrate protein, the molecular basis of LACyP however, does not require this residdd)( These observa-
interaction with the enzyme has been studied, and thetions suggest that CyP binding to its various client proteins
physiological significance of the interaction in the life cycle probably follows different mechanisms. Although much more
of the parasite has been probed. extensive studies on such interactions involving a variety of
The novelty of the present work lies in the identification CyPs from different sources and their client proteins will be
of the residues (K114, R147, and K153) responsible for the needed to support this prediction, the fact that (i) human and
interaction and providing evidence for the primary involve- Plasmodium falciparumCyPs, as opposed td. gondii
ment of a specific amino acid (R147) in the process. These CyP18, do not display CCR5 binding activity and (ii) the
experiments although suggest that the interaction of LdACyP four residues R90, K113, A128, and R158 of human CyPB,

with AdK is guided primarily by electrostatic forces; it does
not absolutely rule out that other interacting forces, viz.,
hydrophobic and mixed type, found in other chaperone
protein interactions, do not have any contribution in such
process 30, 52, 72—79). It might be possible that the
hydrophobic pocket of either of the proteins initially
responsible for docking might get buried so much so
following interaction resulting in nonaccessibility of even
small nonionic detergent molecules. Notwithstanding the
limitation of this information, since all three positively

different from CyPA, exert a differential influence on
calcineurin binding to these immunophilins supports such a
contention 82, 83).

Structural SpecificityThe essentiality of positive charge
on the “residue 147" of LACyP in its interaction with its
client protein AdK raises questions as to the structural
characteristics determining such specificity. In order to probe
this phenomenon, we modeled LdCyP based on the coordi-
nates of its high-resolution crystal structure (PDB accession
code 2haq). The ribbon diagram of the structure (Figure 10A)

charged amino acids (K114, R147, and K153), located at and the surface electrostatic potential map of the probable
the C-terminal end of the chaperonic protein, appeared toamino acid residues involved in the interaction (Figure 10B)
play important roles in the interaction, these results supportedclearly demonstrated that R147, one of the residues of the
our previous findings as to why the truncated LdCyP, devoid consensus CSA-binding motif (WLDGRHVV), protrudes out

of 88 amino acids from its N-terminal end, was still active
in stimulating AdK @4).

The fact that electrostatic forces do play their part in
orienting proteins during their functional binding to other
proteins is well establishe®(). In a recent publication we
demonstrated that the wild-type LdCyP, following interaction
with AdK, induces some sort of subtle conformational
alteration of the enzyme28). This results in decreased
affinity of the enzyme for one of its reaction product
inhibitors, ADP, leading to ultimate relief from its inhibitory
effect 23). This type of enzyme stimulatory mechanism by

of the CsA-binding hydrophobic pocket. Furthermore, the
R147 residue is definitely not involved in the binding of CsA
(81). This validates the earlier observation as to why this
unique chaperone function of LdCyP is isomerase indepen-
dent. Surface charge representation further revealed that
several other positively charged residues (R78, K114, K153,
and K177) have considerably high surface exposure (Table
1). Of these, R78 was excluded from our studies due to its
absence from the truncated LdCyP 2§Ng-DEL), which
exhibits AdK-reactivating activity comparable to the full-
length LACyP 24). Similarly, the K177 residue appeared to

LdCyP is unique and is hitherto unknown in other chaperone- be on the opposite face of the molecule (Figure 10B).
mediated reactions. In this connection, it will be interesting Interestingly, K114 and K153 residues along with R147,
to note that the residue R147 of LdACyP or the equivalent which appear to play a major role in the interaction process,
lysine residue from other CyPs, that forms part of the are arranged in a linear array and are surrounded by a large
consensus CsA-binding motif (WLDGK/RHVV), has been number of hydrophobic and neutral polar residues (Figure
identified as one of the major residues involved in binding 10). These findings led us to postulate that a net positive
of calcineurin 81). On the contrary, the binding dfoxo- electrostatic potential on this particular region of the LdCyP
plasma gondiiCyP18 to the chemokine receptor CCR5, molecule, generated due to the presence of these three amino
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acid residues, probably induces complementary negativein controllingin vizo Ado concentrationq2). However, the
electrostatic potential on the molecular surface of AdK, pathways by whicl.. donaani assimilates Ado, as opposed
leading to reorientation of the molecule. Since the ADP- to other purines, in its two morphological forms are different
inhibition of AdK can be withdrawn by LdCyP, the most (21). In promastigotes, Ado is either cleaved to adenine by
logical interpretation at this point would be that LdACyP nucleosidase, an enzyme absent in amastigotes, or can be
binding to AdK modulates its conformation in a manner weakly phosphorylated to AMP by AdK, whereas amastig-
thereby facilitating ADP releas@3). Future analysis of the  otes efficiently convert Ado to either AMP or inosine using
surface residues of AdK would be essential to understandrespectively AdK and ADA, an enzyme totally absent in the
its specific interacting residues. In this context it will be promastigoteZ1). Therefore, to survive and multiply in the
worth mentioning that structural modulation and regulation nondividing macrophages, the purine auxotrophic parasites
of the ATP-ADP exchange rate of adenine nucleotide need to scavenge purines or their corresponding riboside
translocase are also controlled following binding of CyPD bases from the host nucleotide pool, comprised of adenylate
to the active site of the enzyme, a finding consistent with as the most predominant nucleotide in all cells studied so
our proposal 4, 85). The mechanism of the LACyPAdK far, with higher efficiency, thereby requiring the necessity
interaction is to some extent analogous to the trigger factor of elevated levels of activity of both enzymes.
(TF) binding to its client protein, where a net positive charge  In conclusion, we have studied the mechanism of interac-
spread across a stretch of eight amino acids comprising oftion of LdACyP with AdK, leading to its reactivation. In the
basic and aromatic residues was shown to influence theprocess, a single positively charged residue, R147, of LdCyP
binding 7). has been identified as the nucleus of binding with AdK.
Relevance of the Interaction in Relation to Stimulation. Furthermore, the demonstration that ER-located LdCyP can
There is increasing evidence suggesting that, in order toindeed adopt a retrograde pathway for its transport into the
survive under stressful conditions, organisms, in general, cytoplasm, in addition to elucidating the physiological
have developed a mechanism by which some of their significance of the binding in the life cycle of the parasite,
proteins, needed to cope with the new environmental has opened a new opportunity to undertake detailed studies
conditions, undergo intracellular dislocalizatio&6{-88). on the mechanism of retrograde translocation of proteins in
Given this scenario, the results of our experiment indicating the parasite. Gene knockout experiments and identification
a clear dislocation of LdACyP from the ER to the cytoplasm of other physiological partners of this ER-located LdCyP in
in the stress-induced cells with a concomitant increase in this organism, naturally deficient in cytoplasmic CsA-binding
the specific activity of cytosolic AdK and facilitated intra-  activity, will facilitate such studies.
cellular AMP synthesis provided a compelling reason to
believe that LdCyP AdK interaction observed under vitro

condition is anin viv0 reality and not simply a test tube 1 4thors thank Dr. Subrata Adak for critical help and
curiosity. Several independent observations are consisteny g santa Ghosh for technical assistance. All of the authors
with this conclusion. First, despite the demonstrated nones'gratefully appreciate the help of Dr. Faye M. Johnson of the
sentiality of AdK in the promastigotes, hardly any data exist 11,5racic Head and Neck Medical Oncology Department of

to suggest that its presence is also irrelevant for the survivaly, 5 anderson Cancer Center. Houston. TX. for extending
of the amastigotes in the macrophag6)( On the contrary, help in carrying out protein sec’]uencing.' '

like many other developmentally regulated parasitic proteins,
AdK, along with adenosine deaminase (ADA), exhibits a REFERENCES
higher level of activity during transformation from promas-
tigote to amastigote with concomitant rapid utilization of Ado
(21, 42). Second, it is well established that promastigotes,
upon exposure to elevated temperatures or other environ- 2.
mental stress, behave more like intracellular amastigags (

37, 39). Third, during the transformation from promastigotes

to amastigotes, the parasite is exposed to hostile conditions 3
of the host macrophage, consisting of acidic pH, high
temperature, and oxidative stre2€), and finally the sec61
translocon complex, responsible for both forward and
retrograde transport of proteins across the ER membrane, is
constituted of lumenal CyP as one of its componefit; (

90, 91). In this connection it needs to be mentioned that,
unlike many other strongly anchored ER-resident proteins,
LdCyP lacks the ER anchoring sequence (KDEL). Therefore,
there is a distinct possibility that stress may increase chances 6.
of its discharge into the cytosol using the sec61p channel
complex tunnel. However, the detailed mechanism of such
retrograde translocation, which is still a poorly understood
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