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ABSTRACT. Human cathepsin D (hCatD) is an aspartic peptidase with a low pH optimum. X-ray crystal
structures have been solved for an active, low pH (pH 5.1) form (gaiBaldwin, E. T., Bhat, T. N.,
Gulnik, S., Hosur, M. V., Sowder, R. C., Cachau, R. E., Collins, J., Silva, A. M., and Erickson, J. W.
(1993) Proc. Natl. Acad. SciU.S.A. 90 6796-6800] and an inactive, high pH (pH 7.5) form (CaiD

[Lee, A. Y., Gulnik, S. V., and Erickson, J. W. (1998at. Struct. Biol. 5866—871]. It has been suggested

that ionizable switches involving the carboxylate side chains of E5, E180, and D187 may mediate the
reversible interconversion between Caténd Catl), and that Y10 stabilizes CatdLee, A. Y., Gulnik,

S. V., and Erickson, J. W. (1998)at. Struct. Biol. 5866—871]. To test these hypotheses, we generated
single point mutants in “short” recombinant human pseudocathepsin D (srCatD), a model kinetically similar
to hCatD [Beyer, B. M., and Dunn, B. M. (1998) Biol. Chem. 27,115590-15596]. E180Q, Y10F, and
D187N exhibit significantly highek../Kn values (2-, 3-, and 6-fold, respectively) at pH 3.7 and 4.75
compared to srCatD, indicating that these residues are important in stabilizing thg. E&Q exhibits

a 2-fold lowerk../Kyn compared to srCatD at both pH values, indicating the importance of E5 in stabilizing
the Catlp,. Accordingly, full time-course “pH-jump” (pH 5:54.75) studies of substrate hydrolysis indicate

that E180Q, D187N, and Y10F have shorter kinetic lag phases that represent the change frgrtoCatD
CatD, compared to srCatD and E5Q. Intrinsic tryptophan fluorescence reveals that the variants have a
native-like structure over the pH range of our assays. The results indicate that E180 and D187 participate
as an electrostatic switch that initiates the conformational change ofGatDatD, and Y10 stabilizes

CatD,; by hydrogen bonding to the catalytic Asp 33. E5 appears to play a less significant role as an ionic
switch that stabilizes Caib

Cathepsin D (CatDB)is a member of the pepsin family of form of cathepsin D (Catf) was determined to 2.5 A
aspartic peptidases. It has an acidic pH optimum (pH-2.8 resolution obtained at pH 7.5. Structural comparison of
4.0) (1, 2) and was originally detected in the endosomal and CatD, and Catly revealed significant conformational dif-

lysosomal compartments of higher eukaryo®s Tradition- ferences (Figure 1)1(7).
ally, CatD was believed to play an important role in general  One of the most pronounced structural differences between
proteolysis during bulk turnover at acidic pH)(However,  CatD, and Cat[ is the relocation of the N-terminal segment

numerous studies showed that CatD plays other important(residues 3-7). This segment constitutes the first interdomain
physiological roles§), some of which may involve restricted  g-strand of a six-strandg@-sheet that forms the base of the
proteolysis. These include parathyroid hormone processingmolecule in CatR. In CatD,;, however, it is rearranged to a
(6), antigen processing(8), and the generation of angiosta-  flexible coil and inserted into the active site. It is suggested
tin from plasminogend). CatD has also been implicated in  that this relocation of nearly 18@an be achieved by rotation
pathological events including tumor growth and metastasis about a hinge at Ala 13. An important consequence of
in breast and colorectal cancé0(-14). Consequently, CatD  N-terminal relocation into the active site is that access by

is a valuable target for the design of inhibitors. substrate or inhibitor is prevented7).

X-ray crystal structures obtained at pH 5.1 (GgfDf both Since the structures of CatDand Catl, were obtained
native and pepstatin-inhibited forms of human CatD have 4t different pH values, the conformational change was
been solved to design effective CatD inhibitodh,(16). proposed to be regulated by ionic switches. It was suggested

More recently, the crystal structure of a catalytically inactive {hat possible switch residues in Catwolve interactions

; between the two carboxylates of Glu 180 and Asp 187 and
Supported by NIH Grant DK18865. between the carboxylate of Glu 5 and the carbonyl oxygen
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Ficure 1. Superposition of the X-ray crystal structures of GatD
and Catly. CatD, is shown in cyan/yellow and Caipin blue/
magenta. E5, E180, and D187 are shown in capped-stick repre-
sentation.

It was hypothesized that, at low pH, hydrogen bonding
between the switch residues would help to stabilize ¢atD

Goldfarb et al.

Competent cells were purchased from Stratagene (La Jolla,
CA). The sequenase kit was purchased from United States
Biochemical Corp. (Cleveland, OH). QuikChange site-
directed mutagenesis kits were from Stratagene. Restriction
enzymes were from New England Biolabs (Beverly, MA).
Synthetic oligonucleotides were obtained from LifeTech-
nologies, Inc. (Gaithersberg, MD). Pepstatin and oxidized
glutathione were purchased from Sigma (St. Louis, MO),
and other biochemicals came from Fisher Scientific (Pitts-
burgh, PA). Chromogenic substrates were synthesized by the
solid-phase method using an Applied Biosystems Model
430A or 432A in the UF-ICBR Protein Chemistry Core
Facility. The purity of the peptides(©5%) was verified by
HPLC and by using a Perceptive Biosystems Voyager RP
mass spectrometer (MALDI-TOF). N-Terminal sequence
analysis was also performed by the UF-ICBR Protein
Chemistry Core Facility with Applied Biosystems 470A and

However, an increase in pH would result in the loss of 473A protein sequencers. Q-Sepharose HiTrap ion-exchange

protons and charge repulsion between the carboxylates ofShromatography columns were purchased from Amersham-
Glu 180 and Asp 187, as well as between the carboxylate of Pharmacia. Pepstatinyl-agarose was synthesized according

Glu 5 and carbonyl of Glu 18. This would destabilize the
active, low pH conformation. Consequently, the mechanism

to the method of Huang et all9). Stock peptide solutions
were made in filtered distilled water and quantified by amino

suggests that an increase in pH induces an electrostaticdcid analysis. The purity of the peptides95%) was verified

repulsion between the proposed switch carboxylates that
results in a concerted set of conformational changes including
the relocation of the N-terminus into the active site. The
rearrangement of the N-terminal strand would eliminate the
unfavorable electrostatic interactions between the charged
carboxylates. In Catf) the N-terminal segment is inserted
into the active site, where both catalytic aspartates are likely
ionized. The positively chargedeNatom of Lys 8 and the
hydroxyl group of Tyr 10 form a salt bridge and hydrogen
bond interaction, respectively, with the catalytic aspartates
to stabilize the inactive Cat) Reactivation by acidification

by HPLC and MALDI-TOF analysis. Native human liver
cathepsin D was dissolved in ice-cold distilled water, and
aliquots were stored in 10% glycerol a0 °C for future
use.

All routine DNA manipulation procedures were performed
according to the manufacturer’s protocol (Stratagene). All
plasmid and PCR purification procedures employed kits
purchased from Quiagen. These kits utilize a proprietary
anion-exchange column to efficiently purify plasmid DNA.

Mutagenesis of “Short” Recombinant Pseudocathepsin D.
Mutagenesis of short recombinant pseudocathepsin D was

could occur due to the protonation of one of the two catalytic carried out using the QuikChange site-directed mutagenesis
aspartates, thus weakening their electrostatic interactions withKit from Stratagene using PfuTurbo DNA polymerase II. The

Lys 8. This would permit the release of the N-terminal
peptide, allowing it to relocate to its position as the sixth
strand of the antiparallgl-sheet. The result is an active site
that has full accessibility to substrat&7y.

To test the role of the putative ion switch residues, E5,
E180, and D187, in mediating the pH-dependent conforma-
tional change of CatD, we generated single point mutations
in srCatD in which nonionizable residues were introduced
at these positions. This recombinant model retains six
N-terminal amino acids after zymogen processing compared
to the native enzyme, and it is kinetically similar to the native
enzyme 18). Replacing E5, E180, and D187 with nonion-
izable residues effectively removes charge repulsion due to
ionization at the putative electrostatic switches. Additionally,
the role of hydrogen bonding between Y10 and Asp 33 in
stabilizing Catl}; was examined by replacing Y10 with

phenylalanine. Here we present the results that indicate that

E5, E180, and D187 function as ion switches that mediate
the pH-dependent conformational change of srCatD. Finally,
we show that Y10 forms an important hydrogen bond to Asp
33 that stabilizes the high pH, inactive CatD

MATERIALS AND METHODS

ReagentsNative human liver cathepsin D was purchased
from Athens Research and Technology, Inc. (Athens, GA).

plasmid, pTCPSD2, that contains the entire coding region
for srCatD was used as the template DNA8) The
following oligonucleotide primers and their reverse comple-
ments were used: E5Q;GGCCCATTCCCCAGGTGCT-
CAA3'’; E180Q, 5TGGGGGTCAGCTGATGCT3 D187N,
5TGGCACAAACTCCAAGTATTAZ; Y10F, BCCCAT-
TCCCGAGGTGCTCAAGAACTTCATGGACS The mu-
tagenesis reactions contained 50 ng of double-stranded
DNA template, 125 ng of the forward oligonucleotide primer,
125 ng of reverse oligonucleotide primer, dNTP mix, reaction
buffer, and 1uL of PfuTurbo DNA polymerase in a final
volume of 50uL. The PCR reaction was carried out in a
Gene Machine Il programmable thermal controller (USA
Scientific Plastics). The following temperature cyles were
used: 94°C, 30 s; 55°C, 60 s; 68°C,10 min. These steps
were repeated for 17 cycles. To confirm the presence of the
intended mutation and to ensure against the presence of
spurious mutations, the entire region encoding for short
recombinant pseudocathepsin D was sequenced at the
University of Florida ICBR DNA Sequencing Core Labora-
tory using ABI Prism Big Dye Terminator cycle sequencing
protocols (part number 4303153) developed by Applied
Biosystems (Perkin-Elmer Corp., Foster City, CA). Con-
structs were resequenced after all transformation steps.
Expression, Refolding, and PurificatioRor overexpres-
sion, mutant constructs were transformed iEscherichia
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coli BL21(DE3) pLysS cells (Stratagene). Protein expression substrate contains a fluorophore, 7-methoxycoumarin-4-
was induced by the addition of IPTG as previously reported ylacetyl) (Mca), moiety and a quenching 2,4-dinitrophenyl
(18). To obtain active, mature srCatD, inclusion bodies were (Dnp) group R0). For all kinetic assays, eight wells contain-
isolated, solubilized, and refolded as previously described ing buffer, water, and enzyme were preincubated for 3 min
(18) with the following exceptions. The solubilized inclusion at 37°C. At the end of the incubation, the mixtures were
bodies were refolded without stirring, and the time of transferred to wells containing varied substrate concentra-
refolding was experimentally determined. Additionally, tions. Afte a 3 s mixing time of enzyme, buffer, and
activation of the refolded material to convert the zymogen substrate, samples were excited at 360 nm (40 nm bandwidth)
to the mature form was done for predetermined times. The and emission monitored at 460 nm (40 nm bandwidth). The
refolded/activated protein solution was filtered by a slow K. andVnax values were determined from the initial rates
vacuum to remove particulate material prior to loading it using Marquardt analysi®{) and the equation = Vmax
onto the column. The C 16/20 column (Amersham-Pharma- [S]/(Kn + [S]). The observed rates in As/'t were converted
cia) containing 1 mL of resuspended pepstatinyl-agarose wasto M-s™* by dividing by the total change in fluorescence for
equilibrated with 0.1 M sodium formate, pH 3.7, 0.4 M NaCl, complete hydrolysis of a known concentration of substrate.

and 0.05% Brij-35. The refolding solution was then applied  Actiye Site Titration and . Inhibitor stock solutions used

to the affinity matrix column at room temperature by gravity for active site titrations were made in ethanaketic acid
flow. The column was washed with at least 5 mL of 0.01 M (90:10) and quantitated by amino acid analysis. The amount
sodium formate, pH 3.7, 0.4 M NaCl, and 0.05% Brij-35 of active enzyme in each assay was determined by competi-
and then eluted with cold 20 mM Tris-HCI, pH 8.0, 0.4 M tjve inhibition with the potent active site inhibitor, pepstatin
NaCl, and 0.5% Brij-35. Column fractions exhibiting cata- (jsovaleryl-Val-Val-Sta-Ala-Sta) (Sigma). The resulting curve
lytic activity were pooled after analysis and stored in 10% as fitted with the Dixon equation in the enzyme kinetics
glycerol at—20°C. To desalt the active protein after affinity module of SigmaPlot.

chromatography, the sample was dialyzed agairisof 10 keat Values (s2) were determined by the equatitgy, =

mM Tris-HCI, pH 8.0, fa 4 h and then overnight at4C in 1 T .
) Vma{AU s H/(AF/[S][E]), where AF = total change in
fresh buffer. An ion-exchange chromatography step was ﬂugxr(escenc)e(A{\F [z]t[ot]zgl change in fluorescence v%ith 10

m;_:lluded toSpuLlfy the mgtu;\e forn;] of tg‘; enzym'ae 1 mL . HuM fluorescent substrate, [S} substrate concentration, and
: Lap Q-Sep arose_l_b t( dme_trﬁ ?rln tasrmallua), anl anio [E] = total enzyme concentration (molar)]. The standard
exchanger, was equilibrated with at [east 5 column VOIUMES ¢, iaigng of thek.orandkeo/Kn, Values were propagated using

0f 10 mM Tris—HCI, pH 8.0 (buffer A). The desalted materigl equations derived by standard procedures for independent
was then applied to the column at a flow rate of 1 mL/min. errors @2)

Next, the column was washed with 5 mL of buffer A. The . .
protein was eluted with a salt gradient 6f80 mM. Column _pH-Depend_ent StabﬂmE_nzyme was preincubated fpr 10
fractions exhibiting catalytic activity were pooled after min at 37°C in the f_oIIowmg 100 mM buffers_: glycine-
analysis and stored in 10% glycerol -a20 °C. HCI, pH 2.0-3.0; sodium formate, pH 3.75; sodium acetate,
Intrinsic Tryptophan Fluorescenc@ll fluorescence ex- pH 4.5; MES, pH 5'57'0;. Tris-HCI, pH 8.3-9.3; CAP.S’
ypop (PH 10.7-11.7. After 10 min, the pH was recorded using a

periments were conducted on a T-format QuantaMaste microelectrode pH probe, calibrated with two pH points with
M-1 luminescence spectrometer equipped with a 75 W ol :
Q P quipp 37 °C standard solutions (Microelectrodes, Inc.), and the

xenon lamp, computer-controlled excitation/emission mono- ;
P P enzyme was added to 0.2 M sodium formate, pH 3.8 at 37

chromators (0.2 m Czerny-Turner type) tunable from O to _ . ; o
1150 nm, and a Hamamatsu R928 photomultiplier tube with C The solution was incubated at 3Z for an _qdd|t|onal 3
min and then added to 30M substrate. Initial rates of

low light level detection from 185 to 900 nm (kindly . o .
provided by Dr. Linda Bloom, University of Florida). The substrate cleavage were monitored for at least six identical
; reactions. The final pH was recorded for all points. All pH

protein sample was centrifuged at 14000 rpm for 20 min at * =€ i
4 °C to pellet any precipitate. The enzyme (200 nM) was POints had a final pH between 3.8 and 4.0.
preincubated for 5 min at 37C in 0.2 M buffer (sodium pH-Equilibrium Jump Enzyme was preincubated in 0.5
formate, pH 2.54; sodium acetate, pH 4—50) An M sodium formate buffer, pH 5.5, at 3T for 3 min. It
excitation Wave|ength of 295 nm was used to Se|ective|y was determined that these conditions are sufficient to
excite tryptophan residues, thus excluding the excitation of €quilibrate the enzyme to the closed form. The reaction was
tyrosine moieties. Emission spectra were collected betweeninitiated by addition of 100 nM enzyme to 0.2 M buffers
300 and 400 nm usina 3 nmband-pass. All measurements (sodium formate, pH 3:54.0; sodium acetate, pH 4-5.0)
were made using freshly purified protein that had not been containing 14«M substrate at 37C. Hydrolysis of substrate
subjected to freeze/thaw or additives. Blank spectra wereWas monitored as previously mentioned. The final pH of the
recorded and subtracted from measurements. Additionally, reaction was immediately recorded. For “no-jump” reactions,
the buffers were shown not to exhibit pH-dependent spectra.enzyme was preincubated in 0.5 M sodium formate, pH 3.7,
Next, the sample was placed into an 80 quartz cuvette ~ and then added to 0.2 M sodium formate, pH 3.7, and
(Hellma) housed in a jacket maintaining a constant temper- assayed, as previously described.
ature of 37°C and the spectrum recorded. Product AnalysisReactions were terminated in the lag
Spectrofluorometric Analysi€nzyme hydrolysis of the  phase, linear phase, and at completion of substrate consump-
fluorogenic substrate Mca-Gly-Lys-Pro-lle-Leu-Phe-Phe- tion by addition of Tris-HCI, pH 9.0, at a final concentration
Arg-Leu-Lys(Dnp)e-Arg-NH, at the Phe-Phe bond was of 300 mM. Acetonitrile (50%) was added, and the reactions
spectrofluorometrically monitored on a PerSeptive Biosys- were incubated overnight at 2%. Products of substrate
tems CytoFluor Series 4000/TC multiwell plate reader. The digestion were separated by HPLC, and peaks were analyzed
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Ficure 2: Amino acid sequence alignment of srCatD and variants. | L&B
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Ficure 3: SDS-PAGE analysis of purification of refolded srCatD
from the refolding mixture. The far left lane corresponds to 3 | 3
molecular mass markers. Lane 1 represents full-length rHuCatD
from the refolding mixture. Lane 2 shows the pepstatinyl-agarose (0e)
fraction. Lane 3 illustrates the ion-exchange purified srCatD X 2 % e 2
migrating to about 42 kDa. The single band indicates purity to near 3 ?D@ 3 '%
homogeneity as judged by silver staining. =< : x P
g y as judg y g 2 .l @p 2 1 o °
Table 1: N-Terminal Sequence Alignment for srCatD and Variants
enzyme N-terminal sequence 0 0
3 4 5 3 4 5
srCatD ...FRLVTEG H H
E5Q ..FRLVTEG P P
E180Q ...FRLVTEG FiGURE 4: pH dependency odk../Kn, for srCatD, nHuCatD, and
D187N ...FRLVTEG variants. srCatD is plotted as closed squares; E5Q, open triangles;
Y10F ...FRLVTEG Y10F, open squares; D187N, closed triangles; E180Q, open circles;

and native cathepsin D, closed circles.

by mass spectroscopy (UF-ICBR Protein Chemistry Core
Facility).

Molecular Modeling Models were built with the high-
resolution three-dimensional structure of human liver cathe-
psin D (5) using SYBYL (version 6.7, supplied by Tripos).
Point mutants were generated by using the “modify sub-

structure” commandA 4 A radius about the point mutation parameters were determined for srCatD and variants. These

was energy minimized fqr 100 |t.erat|on_s to minimize steric data demonstrate that srCatD and variants exhibit significant
clashes and unfavorable interactions. Distance measurementaiﬁerences in their specificity constanks./Km, as a function
my

were made using the “measure” command in the analyzeof pH (Figure 4). Kinetic characterization indicates that

menu_of SYBY.L' Atoms withn a 4 A rz_ad|us OT the point E180Q, Y10F, and D187N have a higher specificity constant,
mutation were inspected for possible interactions. kealKom (2-fold, 3-fold, and 6-fold, respectively), at pH 3.7
and 4.75 compared to srCatD. Conversely, E5Q exhibits a
2-fold lower k.o/Km compared to srCatD at both pH values.
Purification of srCatD and VariantsThe proenzyme form  Interestingly, native hCatD exhibits a 2-fold lowks/Kn
of srCatD and variants (Figure 2) was overexpressefl.in  at pH 3.7 but a 2-fold highde./K, at pH 4.75. Additionally,
coli and isolated as insoluble inclusion bodies. Refolding the logarithmic plot ofk.4 reveals that srCatD and mutants
time-course experiments and activation time-course experi-all share unique pH profiles (Figure 5). Table 2 shows the
ments were performed to optimize the purification yield of Michaelis—Menten parameters at pH 3.7 and 4.75. At pH
mature, active enzyme (data not shown). Due to poor 3.7, the open conformation of the enzyme should be favored,
refolding efficiency, the investigation was limited to the and at pH 4.75, the closed conformation should be favored.
variants E5Q, E180Q, D187N, and Y10F. A very pure The values fok., were determined by fitting the data with
sample of mature enzyme was obtained following affinity straight lines and extrapolating to tlreaxis. From this plot
and ion-exchange chromatography, as indicated by a singlepK, values are defined for a single ionization event wikh p
band on a silver-stained SB®AGE (Figure 3) and N-  values in the range of 4-4.2 (Table 3).

terminal sequencing. Analysis of N-terminal processing for
srCatD and variant enzymes shows that srCatD, E5Q, E180Q,
D187N, and Y10F all processed at the same cleavage site
during the conversion of the zymogen form to the mature
form (Table 1).

Kinetic Analysis The pH-dependent MichaetidMenten

RESULTS
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FIGURE 7: pH-jump kinetics for srCatD (WT), nHuCatD, and
FIGURES: pH-dependency d.for srCatD (WT), nHuCatD, and  variants. The reactions were jumped from pH 5.5 to pH 4.5.
variants. srCatD is plotted as closed squares; E5Q, open triangles;

Y10F, open squares; D187N, closed triangles; E180Q, open circles; 120
and native cathepsin D, closed circles. papiiap
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Table 2: pH-Dependent MichaelidMenten Parameters for srCatD 8 80| 4 §§ g i:_;ﬁiﬁg
and Variants S > . ég |
32 60|t . By L cmancen |
Keat Keal Kim Keat KealKm g 2 95 . .
pH3.7 pH 3.7 pH4.75  pH4.75 58 40} Mearglis
enzyme (s™) (uM~ts™) (s WM™is™ 2E£ Iy siag

srCatD 200620 79+10  46+10  8+1 ” LT

E5Q 117+ 20 24+5 22+5 4+1 ° 0

E180Q 708+ 90 126+ 20 89+ 10 1345 300 320 340 360 380 400

D187N 813+ 130 562+70 123+20 50410 A (nm)

:;t?\'/:e catD 2%%1': ig Z%i éo féi éo fgig Ficure 8: Tryptophan fluorescence of srCatD and nHuCatD.
srCatD is shown in heavy solid lines, native CatD is represented
as thin lines, and denatured CatD is shown as a dotted line.

Table 3: K, Values for srCatD and Variants
enzyme e enzyme e shqws the pH-equilibrium jump stu_dies conducted with Fhe
short rHuCaiD a2 V10F 12 variants. These data show that native CatD and the variants
native a1 gastricsin 4.9 E180Q, D187N, and Y10F all exh|b|§ shorter lag phases
E5Q 4.0 rhizopuspepsin 4.4 compared to srCatD and the E5Q variant.
E180Q 3.9 pepsth 4.0 Product AnalysisTo rule out alternative cleavage of the
D187N 4.0 fluorescent substrate during the lag phase of the kinetic
2 Reported in reR5. ” Reported in reR6. reaction and to demonstrate correct substrate cleavage at the
Phe-Phe bond, product analysis was performed. srCatD
160 showed correct substrate cleavage at the—fe bond
140 PPTRrY: during the kinetic lag phase and during the linear phase of
« 120 . the reaction (data not shown).
e Intrinsic Tryptophan Fluorescencéntrinsic tryptophan
E‘ji 100 RS fluorescence pH-titration experiments were utilized to assay
'% § 80 . the pH—dependenF s'gability of srCatD. Figure 8 shows the
<5 0% a0®" - holume, l;:f*;J pH-dependent emission spectra for srCatD, native CatD, and
S o PHump55-43 denatured enzyme. These data indicate a clear similarity in
40 the peak maxima of about 320 nm between the recombinant
0 %0 100 150 200 and native material. Additionally, the denatured material
Time (sec) exhibits a red shift in the emission spectrum.

Ficure 6: Full progress pH-jump kinetics for srCatD. The pH-
jump reactions were jumped from pH 5.5 to either pH 3.7 (open
squares) or pH 4.3 (open diamonds). In the no-jump reaction (solid
line), enzyme was preincubated at pH 3.7 and assayed at pH 3.7

Data points &5 s intervals were omitted for clarity.

pH-Dependent StabilityThe pH-dependent stability of
srCatD and variant enzymes was explored to corroborate the
stability of the enzymes over the pH range of titration
experiments. Figure 9 shows that srCatD and variants share
virtually identical pH-stability profiles. These data show that

pH-Equilibrium Jump KineticsA kinetic lag phase was  srCatD and variant enzymes are stable over the pH range of
discovered by performing pH-equilibrium jump kinetic 3.0—7.5 with 50% recovery of activity at pH 2.5 and 8.5.
reactions. Figure 6 shows that srCatD exhibits a kinetic lag Molecular Modeling of Variants Molecular modeling
phase. Moreover, as the final pH of the reaction is increased,aided in the interpretation of the effect of mutation on the
the kinetic lag lengthens, indicating that the length of the structure of the enzyme. Both the low (Figure 10) and high
lag phase is pH-dependent. Most importantly, however, is pH forms (Figure 11) of the variants were modeled, and the
that when the enzyme is preincubated at low pH (no-jump resulting structure was energy minimized using the program
reaction) such that the majority of the molecules are in the SYBYL. The models were superimposed on either the high
open conformation, the lag phase is abolished. Figure 7 pH or low pH crystal structure. Inspection of the superposi-
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100 a carboxylate was substituted with carboxamide functionality,
2 thus effectively removing a negative charge at those posi-
% 80 tions. This was done to remove charge repulsion between
< 60 the putative ion switch residues at higher pH values. This
£ permitted addressing whether charge repulsion between the
E 40 ionic switches is involved in the mechanism of the pH-
= 20 dependent conformational change. The Y10F variant was
2 generated to test the function of Y10 as a H-bond donor to

Asp 33 in the high pH, inactive conformation. Substituting
Y10 with phenylalanine removes the hydroxyl moiety of
FIGURE 9: pH-dependent stability of srCatD and variants. srCatD Tyrl0, thereby removing H-bonding to Asp 33.
(WT) is plotted as closed squares; E5Q, open triangles; Y10F, open  Kinetic characterization of the variants showed interesting
squares; D187N, closed triangles; and E180Q, open circles.  gifferences in the specificity constaitta/Km. This revealed
that the introduced mutations altered substrate binding and/
or catalytic turnover. This finding is consistent with the
hypothesis that the introduced mutations will favor one
conformation over the other. Considering that the relocation
of the N-terminus, as a consequence of conformational
change, either completely occludes substrate from the active
site (high pH conformation) or vacates the active site
resulting in catalytic machinery that is free for substrate
binding and turnover, it is reasonable to predict that mutants
with a modified equilibrium will exhibit changes ik../Km

_ D187 relative to srCatD. For example, if the mutation results in
Ficure 10: Molecular models generated for E5Q, E180Q, and an enzyme with {:1 conformationgl eqUilibril.Jm.Shifted to the
D187N. E5Q, shown in green, E180Q, red, and D187N, blue, are ©P€n form, then it may yield a higher specificity constant at
superimposed on the crystal structure for Gat@ray with red a particular pH compared to srCatD. A mutation that results
cap_s). All residues rendered are witta 4 Aradius of the mutated in an enzyme with a conformational equilibrium shifted to
residue. the closed form may exhibit a lower specificity constant at
a particular pH.

Comparison ok../Km values at pH 3.7 and 4.75 (Table
2) indicates that D187N, E180Q, and Y10F are more
catalytically efficient enzymes compared to srCatD and
native CatD. D187N shows about a 6-fold increaséci
Km; E180Q shows approximately a 2-fold increase, and Y10F
exhibits about a 3-fold increase over srCatD at both pH 3.7
and pH 4.75. Conversely, E5Q shows -a2fold decrease
in keaf K compared to srCatD. Native hCatD exhibits a 2-fold
lower keofKm at pH 3.7 but a 2-fold highek../Kn, at pH
4.75. The differences are mainly reflected in the values for
keaw Which are dramatically different. The increadeg/Kn
Ficure 11: Molecular models generated for E5Q and Y10F. E5Q, values for. D187N, .I.El.80Q’ and Y10F I.ndlcaj[ed t.hat the
shown in green, and Y10F, in orange, are superimposed on theconformational equilibrium for these variants is shifted to
crystal structure for Catlp (gray with red caps). All residues  the open form. This results in more molecules that are open
rendered are withi a 4 Aradius of the mutated residue. and available to react with substrate. Consequently, an
) o increase irke,is manifested with D187N, E180Q, and Y10F.
tions of the low pH structure indicates that a hydrogen- The fact that D187N, E180Q, and Y10F exhibit highey
bon_din_g distf’;mce of 2.8 A between positions 180 and 187 is Km values at pH 3.7 compared to srCatD suggests that, even
maintained in E180Q, D187N, and ES5Q. However, the gt the pH optimum for the enzyme, the conformational
hydrogen-bonding distance between the carbonyl of E18 andequilibrium for srCatD is not shifted completely to the open
the side chain of position 5 is increased from 3.1 to 3.3 Ain conformation. The opposite phenomenon is apparent with
all of the variants. Inspection.of the hi'gh pH quel indicates e E5Q. The lowekea/Km value for this variant indicates it
that the Lys 8 to Asp 231 distance is maintained at 2.5 A hag 4 conformational equilibrium shifted to the closed form
with the Y10F variant. Examination of the models suggests compared to srCatD.

that no new interactions are made as a result of mutation. Noteworthy is the interesting pH-dependent kinetic be-
Figures 10 and 11 show the retention of native-like structure 5vior of srCatD compared to the native enzyme. srCatD
and interactions exhibited by the variants. exhibits a 2-fold highekea/Kn at pH 3.7 but a 2-fold lower
DISCUSSION KeafKm at pH 4.75_co_mpared to native hCatD. A. _possmle
explanation for this is the presence of six additional N-
This study examined the roles that E5, E180, D187, and terminal residues on srCatD that are absent in native hCatD.
Y10 play in mediating the pH-dependent conformational We speculate that these residues may interact with the
change of srCatD. In the case of E5Q, E180Q, and D187N, enzyme, thereby stabilizing both the high pH and low pH
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structures of srCatD. In other words, the additional stability native CatD exhibited no lag phase compared to srCatD when
at both high and low pH may shift the conformational jumped to pH 4.5. It should be noted that the native material
equilibrium of srCatD to Catlp, at low pH, and to CatR, exhibits a kinetic lag phase when the reaction pH is increased
at high pH, relative to native hCatD. This would result in to pH 5.5 (data not shown). There are several possible
srCatD exhibiting highelk../Kn values at low pH and a lower  explanations for the difference in the lag phase duration. For
keafKm at high pH. example, the native material is a two-chain molecule that is
Effects of pH on k. also reflect acietbase group glycosylated whereas srCatD is a single chain, nonglycosy-
involvement in the catalytic steps of substrate to product lated enzyme. A more likely explanation is that native CatD
conversion, that is, the ionization of the enzynseibstrate lacks the additional six N-terminal residues (Phe-Arg-Leu-
complex @3). By analyzing the plot of the value of the Val-Thre-Glu) that perhaps stabilize the open and closed
kinetic constantk.,, on a logarithmic scale as a function of forms of short hCatD at both low and high pH values,
pH, additional information regarding ionization events may respectively. These data are consistent with the pH-dependent
be determined. For a single titration event, the plot will Michaelis—-Menten data that indicate that E180Q, D187N,
appear as the superposition of two linear functions, one with Y10F, and native exhibit a more open conformation at pH
a slope of zero and the other with a unit slope value. The 4.75 compared to srCatD. However, disparity exists between
pKais defined by the point of intersection for the two straight the two experiments for the E5Q variant. The 2-fold lower
lines drawn through the data point in the regions of minimal ke../Kn value at pH 4.75 is not readily evident in the pH-
curvature of the plot. Additionally, the number of acidase jump experiment that shows E5Q with a full-progress kinetic
groups can be estimated. The slope of the line in the trace similar to srCatD. Perhaps the high substrate concentra-
transition region of the plot reflects the number of ionizable tion used in the experiment pulls the equilibrium toward the
groups that are titrated. A change in slope with & value open conformation, thus masking the effect of the E5Q
is representative of a single ionization eve?d)( The K, mutation.
value of approximately 4.0, determined from Figure 5, most ~ Another unexpected aspect of this kinetic hysteresis is the
likely reflects the titration of a single carboxylate. We believe lengthy half-times of the kinetic lag phase that are on the
that these values represent the ionization of the secondtime scale of seconds. This might suggest that the nature of
catalytic aspartic acid, since the substrate does not containthe conformational change is not simple. Importantly, half-
ionizable groups in this pH range. Additionally, this value times for lag phases on the second time scale that represent
is consistent with thely, values determined for the second isomerization events have been documented. These include
active site carboxylate of closely related aspartic peptidasesisomerization events for threonine deaminag&adfllus
gastricsin 25), rhizopuspepsin, and pepsi2g). The native subtilis, DPNH oxidase Nlycobacterium tuberculosis
material, however, exhibits a unique pH profile. Points above UDPG hydrolaseK. coli), and glyceraldehyde-3-phosphate
pH 5.0 could define a second ionization event; however, data dehydrogenase (yeas®7). Perhaps the lengthy duration of
collection in this region is very difficult, and we were unable the lag phase implies that a complex set of molecular
to obtain sufficient data to unambiguously define a second interactions are involved in the transition from one confor-
pPKa. mation to the other. This is consistent with the high degree
A kinetic lag phase was discovered when srCatD was of segmental movement, a rigid-body rotation of°7.@nd
preincubated at a high pH and then assayed at a low pH.a translation of 1.5 A that accompanies the relocation of the
Moreover, when the enzyme is preincubated at a low pH, to N-terminal segmentig).
favor the open conformation of the enzyme, no lag phase is The first indication that the variants adopt a similar
apparent. This strongly suggests that the lag phase representstructure to srCatD was that they all bound to pepstatinyl-
the time it takes the enzyme to undergo the conformational agarose. Binding of the enzyme to the resin is generally
change from the closed, inactive form to the open, active believed to require a well-formed active site cleft that has
form. Additionally, product analysis indicated that the both N- and C-domain contributions. Additionally, N-
fluorescent substrate was not cleaved during the lag phaseterminal sequencing revealed that E5Q, E180Q, D187N, and
This ruled out the possibility that the enzyme cleaved the Y10F all process at the correct cleavage junction during the
substrate at a bond that would not yield a detectable changeconversion of the proenzyme to the mature form.
in fluorescence. The variants were also tested for a kinetic Since the enzyme unfolding and then refolding as a
lag phase. These experiments lucidly show that the variantsconsequence of the pH jump could explain the kinetic lag
E180Q, D187N, and Y10F, as well as native hCatD, all phase, structural characterization of srCatD and variants over
exhibit shorter kinetic lag phases compared to srCatD anda pH range was conducted. The pH-dependent tryptophan

E5Q. fluorescence emission maxima for srCatD were virtually
The pH-jump experiments provide insightful qualitative identical to the native enzyme, and both were characteristic
data regarding the conformational equilibrium constigy, of folded protein within the pH range 3-%. These experi-

for the isomerization of Catpand Catlp. The results of ments argue that the enzyme is not exhibiting any appreciable
the pH-jump experiment were consistent with the pH- unfolding during the pH range of the pH-equilibrium jump
dependent MichaelisMenten data that clearly showed a experiment.

significant difference in the conformational equilibrium Molecular modeling was used to aid in interpretation of
between CatR and Catl. For example, E180Q, D187N, the kinetic data. Modeling of the variants in both the high
Y10F, and native CatD all exhibit much shorter kinetic lag pH form and low pH form was conducted. The models of
phases compared to srCatD and E5Q. These data indicate¢he variants E5Q, E180Q, and D187N in the low pH
that E180Q, D187N, and native CatD have a conformational conformation suggest that the introduction of the point
equilibrium shifted to the open form. It is interesting that mutations at positions 5, 180, and 187 does not affect the
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Scheme 1: Possible Equilibria Involved in the pH
Dependence of Cathepsin D Activity

k1 kZ kJ k‘
E + H* & EH* &> EH* + S < EH'S <> EH*+ P
k, Kk, K, K,

a At low pH, the enzyme exists in an open conformation as shown
by crystal structuresl, 16), while at high pH the enzyme exists in
the closed conformationl@). In this scheme E= CatD,;, closed
conformation, BH* = CatDy protonated, closed conformation, and
E,H" = CatD, protonated, open conformation.

Goldfarb et al.

that it may be an important checkpoint for metabolic
processes7). Future studies will undoubtedly unravel the
interestingly complex behavior of cathepsin D, thus providing
an exciting new chapter in molecular regulation and recogni-
tion.
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