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ABSTRACT. During maturation, procaspase-3 is cleaved at D175, which resides in a linker that connects
the large and small subunits. The intersubunit linker also connects two active site loops that rearrange
following cleavage and, in part, form the so-called loop bundle. As a result of chain cleavage, new hydrogen
bonds and van der Waals contacts form among three active site loops. The new interactions are predicted
to stabilize the active site. One unresolved issue is the extent to which the loop bundle residues also
stabilize the procaspase active site. We examined the effects of replacing four loop bundle residues (E167,
D169, E173, and Y203) on the biochemical and structural properties of the (pro)caspase. We show that
replacing the residues affects the activity of the procaspase as well as the mature caspase, with D169A
and E167A replacements having the largest effects. Replacement of D169 prevents caspase-3 autoactivation,
and its cleavage at D175 no longer leads to an active enzyme. In addition, the E173A mutation, when
coupled to a second mutation in the procaspase, D175A, may alter the substrate specificity of the procaspase.
The mutations affected the active site environment as assessed by changes in fluorescence emission,
accessibility to quencher, and cleavage by either trypsin or V8 proteases. High-resolution X-ray
crystallographic structures of E167A, D173A, and Y203F caspases show that changes in the active site
environment may be due to the increased flexibility of several residues in the N-terminus of the small
subunit. Overall, the results show that these residues are important for stabilizing the procaspase active
site as well as that of the mature caspase.

Two subfamilies of caspases, the initiators and the of magnitude 9). Subsequent cleavages remove the pro-
effectors, are involved in apoptosis. Effector caspases, suchdomain, although there is no further increase in enzymatic
as caspase-3, exist as stable dimers both before and afteactivity upon prodomain removal().

activation of the zymogeni( 2). In contrast, procaspase-9,  While structures have been determined for many mature
an initiator caspase, exists largely as a monomer, while caspasesi(l—16), only one procaspase structure has been
procaspase-8, also an initiator, exists in equilibrium between determined, that of procaspaset7,(18), which is an effector
monomers and dimers3,( 4). Dimerization of initiator  procaspase. The structures show that the caspases are dimers
caspases results from their interactions with multisubunit of heterodimers arranged in ag8Ba. configuration, where
complexes, such as the apoptosoiBjeof the DISC (death- o represents a large subunit ghdepresents a small subunit.
inducing signaling complex)6j, and is a fundamental  The heterodimerso3) originate from a cleaved procaspase
mechanism for autolytic activation of initiator caspas&s (  dimer. Caspases have four active site loops; L4, which
7, 8). For example, the association of procaspase-9 with the griginate from one heterodimer and one loop!,L\&hich
apoptosome results in an increase in activity of 3 orders of originates from the second heterodimer (Figure 1). L1
magnitude 7). (residues 5266) and L4 (residues 247263) comprise the

By contrast, activation of effector procaspases is funda- sides of the active site; L3 (residues 198L3) comprises
mentally different since it requires cleavage of the preexisting the bottom, and L2 (residues 1:6375) contains the catalytic
procaspase dimer by initiator caspases. Cleavage occurs itysteine (C163). In addition, interactions among (t8sidues
a flexible loop, called the intersubunit linker, and separates 176 —-192), from the other heterodimer, and L2 and L4
the large and small subunits. While the core structure is appear to stabilize the active conformation. These interactions
similar between the zymogen and the activated caspasecomprise the so-called loop bundlg7]. In the zymogen,
cleavage allows for the rearrangement of several active siteL.2 and L2 are covalently connected in the intersubunit
loops, resulting in an increase in activity of at least 2 orders |inker, and cleavage at D175 separates the two loops (Figure

1A,B).
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Ficure 1: Structure of caspase-3 and loop bundle interactions. (A) Primary sequence of human procaspase-3. Amino acid residues in L1
(52—-66), L2 (163-175), L3 (198-213), L4 (247263), and L2(176—192) are underlined, and the colors correspond to those in panel

B. Cleavage sites for trypsin (white arrows) and V8 proteases (black arrows) are shown. The catalytic cysteine (C163), two tryptophans
(W206 and W214), and amino acids in the loop bundle (E167, E169, E173, and Y203) are shown in bold. Boundaries observed in the
crystal structures for the large subunit (S29175) and the small subunit (G17#H277) are indicated by angle brackets. Processing sites

in the procaspase (D9, D28, and D175) are denoted with triangles. (B) Mature caspase-3 was generated with PyMOL (Delano Scientific,
San Carlos, CA). The positions of E1.4 and the active site tryptophan residues (W206 and W214) are indicated. (C) The position of
E167 is highlighted relative to the active site and residues in L3. (D) Hydrogen bonds contributed by D169 to residues in L4 (brown) and
L2’ (cyan) are highlighted. (E) The position of Y203 relative to the second heterodimer'(FE180, and K137) and L2 (C163 and R164)

is highlighted. (F) Contacts between'L(2yan) and L4 (brown) are shown for residues near E173. For pan€is &lors for L-L4 are

the same as those for panel B except for L2. For clarity, residues in this loop are colored gray in paRelRe@ spheres represent water
molecules. The small numbers represent distances (in angstroms) between two atoms connected by the dashed lines, and the primes denote

residues in the second monomer.

body of the protein to connect the large and small subunits. protein so that the active site is in a misaligned conformation.

As a result, the catalytic cysteine is rotated away from the Consequently, most of the interactions that stabilize the loop
bundle do not form. In addition, the misaligned configuration

S1 binding site, and L'2occupies the central cavity of the
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results in an increased flexibility of L3 and L4 so that the PEG 4000, PEG 6000, propanol, 2-propanol, glucose,
active site is incompatible with efficient catalysis. Upon inositol, MPD, and paraffin oil were from Hampton.
cleavage of the intersubunit linker, L2hanges orientation MutagenesisAll mutations were made in the backgrounds
by almost 180 and forms 11 hydrogen bonds and numerous of wild-type caspase-3 using plasmid pHC33 6r the
van der Waals interactions with L2 and L4 of the second uncleavable procaspase-3(D9A/D28A/D175A) [called pro-
heterodimer 17). Thus, interactions between the two het- caspase-3(BA)] using plasmid pHC332099). Mutations
erodimers stabilize the active sites. were confirmed by sequencing both DNA strands (University

The structural data suggest that the constraints imposedof Maine DNA Sequencing Facility, Orono, ME). In the
upon L2 and L2result in the low activity of the zymogen. ~mutations described below, changes to the DNA sequence
In the case of the effector caspases, cleavage of theare shown in bold.
intersubunit linker releases the constraints. For procaspase- The E173A mutant in the background of caspase-3 was
9, however, the intersubunit linker is several residues longermade using forward primer &AACTGGACTGTGGCA-
than for procaspase-3 or -7. Consequently, cleavage of theT CGCGACAGACAGTGGTG-3 and reverse primer'5
polypeptide chain results in modest increases in activity. We CACCACTGTCTGTGCGATGCCACAGTCCAGTTC-
note that a mutation in the dimer interface of procaspase-33'. The resulting plasmid is called pHC33233. The E173A
also resulted in activation of the zymogen without cleavage mutant in the background of procaspase=2(Pwas made
of the intersubunit linker, and it was suggested that the using forward primer 5GGACTGTGGCATTGCGACAG-
mutation increased the flexibility of the intersubunit linker, CTAGCGGTG-3 and reverse primer &£ACCGCTAGCT-
allowing the loop bundle to form, at least partiall20j. GTCGCAATGCCACAGTCC-3. The resulting plasmid is
Increasing the flexibility of the intersubunit linker, either by ~called pHC33246. The D169A mutant in the background of
increasing the length of the polypeptide chain or by other caspase-3 was made using forward primeCETGCC-
mechanisms, may be sufficient to activate the procaspase ifGTGGTACCGAACTGGCCTGTGGCATTGAGAC-3 and
the loop bundle can form. reverse primer SGTCTCAATGCCACAGGCCAGTTCG-

In the studies presented here, we mutated several acidicG TACCACGGCAGG-3. A unique restriction site for Kpnl
residues in L2 of caspase-3 to examine interactions that occutV@s introduced (underlined). The resulting plasmid is called
in the loop bundle as well as potential interactions that occur PHC33232. Note that the D169A mutation was not made in
in procaspase-3. In addition, we mutated one residue in L3, the background of procaspase-3p. The E167A mutants
Y203, that interacts with residues across the dimer interface.Wereé made in both backgrounds using forward primer 5
We show that the mutations affected the conformations and SCCTGCCGTGGTACGCACTGGACTGTGGCATTGAG-

activities of both the mature caspases and the procaspases and reverse primer'&CTCAATGCCACAGTCCAGT-
demonstrating that some interactions in the loop bundle of ¢‘CGGTACCACGGCAGGC'3 A unique Kpnl site was
caspase-3 are important for stabilizing the procaspase as wellintroduced (underlined). The resulting plasmids are called
pHC33231 (background of caspase-3) or pHC33241 [back-
EXPERIMENTAL PROCEDURES ground of procaspase-3¢(B)]. The Y203F mutant was made
using forward primer 5CATACTCCACAGCACCCGGG-

Materials. Acrylamide, ampicillin, citric acid, DEAE- TTTTATTCTTGGCGAAATTC-3 and reverse primer's
Sepharose, DFPDMSO, DTT, glycerol, IPTG, kanamycin, GAATTTCGCCAAGAATAAAACCCGGGTGCTGTGG-
nickel sulfate, PMSF, potassium iodide, monobasic and AGTATG-3'. A Smal site was introduced (underlined). The
dibasic potassium phosphate, TLCK, and TPCK were from resulting plasmids are called pHC33250 (background of
Sigma. Imidazole was from ICN. Sodium chloride, sodium caspase-3) or pHC33252 [background of procaspasgAB(D
azide, hydrochloric acid, sodium hydroxide, Tris base, Protein Purification. Escherichia colBL21(DE3) pLys
tryptone, and yeast extract were from Fisher. Niekel S cells were transformed with the plasmids described above,
Sepharose resin was from Novagen. Granzyme B, Ac-and proteins were expressed and purified as described
DEVD-AFC, and Ac-DEVD-CMK were from Calbiochem.  previously ). In addition, immunoblots were performed as
V8 protease, trypsin, Mggland dNTPs were from Roche  described previously20).
Biochemicals. Polyclonal anti-caspase-3 antibody (9662) was  Enzymatic AssaysThe activities of the proteins were
from Cell Signaling Technology. Alkaline phosphatase- determined as described previousy 21) using the fluo-
coupled secondary antibody (goat anti-rabbit), BCIP, NTB, rescent substrate Ac-DEVD-AFC. The data were fit as
and nonfat dry milk were from Bio-Rad. The ECL kit was described previously2Q) to determine the steady-state
from Amersham. X-OMAT-AR film was from Kodak. parametersk.:andKm, as well as the specificity constant,
Restriction enzymes, deep vent polymerase, and Dpnl werek_./K,...
from New England Biolabs. PEG 200, PEG 400, PEG 600,  Tryptophan QuenchindProteins were examined in citrate
[20 mM citrate (pH 3.6-6.0)], potassium phosphate [50 mM

1 Abbreviations: Ac-DEVD-AFC, N-acetyl-Asp-Glu-Val-Asp-(7- KH2PO/K,HPO;, (pH 6.0-8.0)], or Tris [50 mM Tris-HCI
amino-4-trifluoromethylcoumarin); Ac-DEVD-CMK N-acetyl-Asp- (pH 7.2-9.5)] buffers. All buffers contained 1 mM DTT,
ot e, T S oo i and the inal proten concentatons vieres2l. Siock
Githiothreitol; DEAE. diethyl antino ethyl: DFP, diisopropyl fiuoro- SOlUtions of KI, CsCl, or acrylamide were prepared in the
phosphate; DMSO, dimethy! sulfoxide; IPTG, isoprogb-thioga- respective buffers and then added to the protein samples to
szrtgfg”rﬁr?]ocsriﬁgr;idl\éllpgéé-m;tfgtflr;Zlglr;gerlltigﬁc:jiC’\J/ll;S gTrBt?ietrr]Olr?]lgﬁane give the final concentrations shown in the figures. Following
sulfonyl fluoride; pro’caspa'sg-%m), >;;rocaé:]p}:;se-’3(D9A/I':)g8A/)I:/)175A); addltloon of quencher, each 'sample was incubated for 5 min
TLCK, N-o-P-tosyl+-lysine chloromethyl ketone; TPCHy-tosyl- - at 25°C. Samples were excited at 295 nm, and fluorescence
phenylalanine chloromethyl ketone. emission was measured at 345 nm (PTI C61 spectrofluo-
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rimeter, Photon Technology International). All data were  Procaspase-3(BA/E173A) Autoproteolyisio examine the
corrected for the background signal. As described previously proteolysis of procaspase-3®&E173A), 30uM protein was
(9), the percent quenchingAF/Fo) x 100, was plotted incubated at 25C for 8 days in a buffer of 50 mM Tris-
versus the concentration of Kl, and the data were fit to eq HCI (pH 7.5), 50 mM NaCl, and 1 mM DTT. Aliquots were
1 removed at 24 h intervals and stored-&20 °C until they
were visualized on a 1025% SDS-PAGE gel stained with
(AF/Fg) x 100= (100K, [Q]f)/(1 + K [Q]) (1) Coomassie brilliant blue dye. One reaction mixture contained
the protease inhibitors TLCK, TPCK, and PMSF (0.66, 1.0,
where AF is the change in fluorescence emission at each @nd 1.14ug/mL, respectively). The second reaction mixture
concentration of quencher (KI)F, is the fluorescence —contained the caspase-3 inhibitor Ac-DEVD-CMK at a 1:5
intensity of the protein in the absence of quenchy, is ~ Protein:inhibitor ratio (w/w).
the Sterr-Volmer constant, [Q] is the quencher concentra-  Crystallography Proteins were dialyzed in a buffer of 10
tion, andf, is the fraction of the initial fluorescence emission MM Tris-HCI (pH 8.5) and 1 mM DTT. The protein was
that is accessible to the quencher. concentrated to~10 mg/mL using Amicon ultrafree cen-
The Stern-Volmer ConstantsKSV)’ determined from the trifugal filter dEViceS, and inhibitor, Ac-DEVD-CMK recon-
fits described by eq 1, were plotted versus pH. The resulting stituted in DMSO, was then added at a 5:1 inhibitor:peptide

data were fit to eq 2: ratio (w/w). The protein was diluted to a concentration of 8
mg/mL by adding 10 mM Tris-HCI (pH 8.5), concentrated
_ n(PH—PKz) DTT, and concentrated NaMNo that the final buffer consisted
Ky =A+ nzz_s[AKSVn x 10" Q-+ of 10 mM Tris-HCI (pH 8.5), 10 mM DTT, and 3 mM NaN

Crystals were obtained by the hanging drop vapor diffusion
method. Concentrated protein g2) was mixed 1:1 with a

. reservoir solution that contained 100 mM sodium citrate (pH
where A is the value Qstv at the lowest pH,AKsy, 5), 3 mM NaN, 10 mM DTT, and 17% PEG 6000 (W/).
represents the changes in the Steviolmer constant for each The crystallization plates were incubated at’€8 Crystals

transition, y, is the number of protons fitrated in each .o\ within 3 days for wild-type caspase-3 and within 2
transition, and [y, is the apparent i, of the transitions. weeks for the mutants.

The data were fit to one, two, or three transitions{(1-3) Cryogenic conditions were screened using the wild-type

as shown in the figures. )
Fluor nce Emission Function of motein stock caspase-3 crystals and were subsequently applied to the
uorescence ssion as a Function of jBotein Stocks -, o pyg. Crystals were flash-frozen using a variety of

were initially dialyzed against a buffer of 20 mM citrate (pH ; .
; cryoprotectants, including glycerol, ethylene glycol, PEG

6.2) (for experiments between pH 2.5 and 6.2) or a buffer zgo,p4oo, 600, 4000, a%dg )(/5000, pargffin oigi',ypropanol,
gf t%\? mM ﬁoéa()ssluangpgoﬁrst?f (pH 9'(:) .(fo(rj ?.XPT\;IIg?I'E]I'tS 2-propanol, glucose, inositol, and MPD at various concentra-

etween pri 6.0 and 9. )- utiers contained L m " tions. The ideal cryoprotectant solution was found to be 80%
Followmg dilution into each butfer, the samples,(@1) were reservoir solution and 20% PEG 400. Data sets were then
incubated for at ledad h at 25°C. In separate experiments, collected at 100 K at the SER-CAT synchrotron beamline
the equilibration time was determined to be between 15 and(Advance Photon Source, Argonne National Laboratory
S0 min. S_amples were e?;cneg fat 283002?:;3 the Xllljcérets' Argonne, IL). The X-rays had a wavelength of 1 A. Ninety
cence emlssLog v¥as r:;‘omborek rom d si 0 | T?‘m' ata degrees of data af Intervals were collected for each protein.
were correcte | 0rthl§ ac grou? Is;g(rj\a. de a\{ﬁra:jgeThe caspase-3 wild-type structure was determined using
emls_smnl Weg/e eng | tD W?SDCE‘ culate Has esfi” €4 molecular replacement with the previously published caspase-3
previously e )’. and plots o VErsus pr were Tit as o cture for intial phasing (PDB entry 1CP3)lf. Refine-
described prewously% to determine the apparenKp of ment of the model was performed using CN&})(and O
each transition. (25). Structures of the mutants were phased with our

Limited Proteolysis with TrypsirProteins were digested  c55na5e-3 structure, and the refinement was performed as
with 1/15 of their concentration (w/w) of trypsin in a buffer it the wild-type structure. The data collection and refine-
of 20 mM potassium phosphate (pH 7.5) and 1.0 MM DTT | .ant statistics are listed in Table 3.

at 25°C. After trypsin was added to a stock protein solution, Accession Number$he atomic coordinates and structure

aliquots (25uL) were taken at time points between 2 min factors of the four structures have been deposited in the
and 24 h. Reactions were inhibited by adding TLCK in 3-fold Protein Data Bank as entries 230 (wild-type caspase-3), 2J31

excess to trypsin (w/w). The samples were frozer-a0
°C until the;/ E/)vere(visu)alized on apSBS?AGE gel using [caspase-3(E167A)], 2J32 [caspase-3(E173A)], and 2J33
5% [caspase-3(Y203F)].

either 10 to 25% (procaspase-3 mutants) or 15 to 2

(caspase-3 and processed caspase-3 mutants) polyacrylamingSUI_-I-S

gradients. The (pro)caspase-3 trypsin cleavage sites have

been identified 9). E167, from L2, forms three hydrogen bonds with residues
Limited Proteolysis with V8 Proteasd?roteins were  from other loops (Figure 1C). The backbone amide of E167

digested with V8 protease as described above for trypsin hydrogen bonds with the carbonyl of G202, from L3, and

digests except that the reactions were inhibited with DFP at the backbone carbonyl hydrogen bonds with the backbone

3 times (w/w) the concentration of protease. The (pro)- amide of Y204 (Figure 1C). Y204 is important because the

caspase-3 V8 protease cleavage sites have been identifiedide chain forms part of the S2 subsite. The side chain of

(9). E167 hydrogen bonds through a water molecule with the

10701 D) (2)
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FiGure 2: Properties of caspase variants. (A) Anti-caspase-3 immunoblot of procaspagg;J(dcaspase-3(IN), procaspase-3{E),
procaspase-3(D169A), procaspase=2(IE167A), mature caspase-3, procaspasesA(1203F), or procaspase-3¢B/E173A). The dashed

line signifies the use of two gels. (B) Procaspase-3(D169A) incubated with mature caspase-3. Bamdprésent cleavage products as
described in the text. O/N refers to overnight incubatieri§ h). (C) In the top panel, procaspase-gIE173A) was incubated with

serine protease inhibitors for 4 days. In the bottom panel, procaspag&/B(03A) was incubated with the irreversible inhibitor Ac-
DAVD-CMK for 4 days. Aliquots were removed each 24 h, and the samples were examined as described in Experimental Procedures. FL
refers to full-length protein (32 kDa), and M refers to molecular mass markers.

backbone carbonyl of P201, which is located in L3. P201 Figure 1A). While the E173 side chain does not interact with
resides in the so-called elbow loop region of L1B) and other residues in the loop bundle, the region encompassing
stacks with the side chains of R164 and Y197 at the bottom E173 does appear to be important in stabilizing the loop
of the active site. In procaspase-7, extrusion of the elbow bundle. The backbone carbonyl and amide groups of 1172
loop correlates with unstructured S$3 binding sites18). form two hydrogen bonds with 118Trom L2’ (Figure 1F).

The side chain of D169 (in L2) forms hydrogen bonds At the N-terminal end of L2 the side chain of H185
across the dimer interface with the backbone amides of 189 interacts with the carbonyl of T245, from L4, and K186
and E190 (both in L2) (Figure 1D). In addition, the  forms two hydrogen bonds with K260 and A258, also in
backbone carbonyl of D169 hydrogen bonds to the backbonelL4. These interactions likely stabilize L4 since T245 and
amide of K260, from L4 (Figure 1D), and the backbone K260 reside at apposing sides of the base of L4.
amide of D169 interacts with the carbonyl of K260 and the  We investigated the effects of removing hydrogen bonds
side chain of W206 through a water molecule. The aromatic contributed by several side chains in the loop bundle by
ring of W206 is important because it stacks with W214 (see substituting E167, D169, and E173 with alanine. In addition,
Figure 1B), which hydrogen bonds to the substrate in the Y203 was replaced with phenylalanine. With the exception
P4 site. Thus, D169 forms three hydrogen bonding interac- of D169, the mutations were made in the context of wild-
tions that would appear to stabilize three active site loops, type procaspase-3 as well as the uncleavable procaspase-
L2—L2'—L4. The side chain also is within hydrogen bonding 3(D,A) in an attempt to examine the effects in the mature
distance of the backbone amide of G171 (in L2), although caspase as well as the procaspase.

it is not known whether this in an important interaction. The proteins were purified after overexpressiokircoli,

The side chain of Y203 is within hydrogen bonding and we noticed a number of surprising results from the
distance of the side chain of E19fross the dimer interface  puyrification. First, it has been well-established that the wild-
(Figure 1E) In addition, it may interact with the side chain type procaspase-3 undergoes automaturation when overex-
of R144 through at least one water molecule. R148l  pressed irE. coliso that the mature caspase, rather than the
located between helice$@nd 3 on the surface of the second  procaspase, is obtained following expression and purification.
heterodimer. The backbone carbonyl of Y203 hydrogen The mutants, with the exception of D169A, also underwent
bonds with the backbone amide of R164 (in L2) (Figure 1E). automaturation. The lack of automaturation of procaspase-
Thus, Y203 interacts across the dimer interface, like D169 3(D169A) can be observed experimenta"y in the Western
discussed above, but also appears to stabilize L2 near theyjot shown in Figure 2A. We found no evidence of
catalytic cysteine, C163. processing in this variant using an antibody to the large

In the crystal structure, T174 is the final residue with subunit of caspase-3, and the results were compared to those
electron density at the C-terminus of the large subunit (seefor several uncleavable procaspase variants. In addition, we
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Table 1: Catalytic Parameters of the Caspase-3 Loop Bundle Mutants

Kw (uM) Keat (579 KealKn (M71s7Y)

Caspase3 2.2+05 0.40+ 0.05 1.8x 10°
Caspase-3(E167A) 13.24+1.8 0.124+0.06 9.1x 10®
Caspase-3(E173A) 24+01 0.69+ 0.05 2.9x 10°
Caspase-3(Y203F) 59+04 0.68+ 0.10 1.2x 10°
Procaspase-3@,)Pc 3.5+0.8 0.003+ (1.4 x 107%) 8.6 x 177
Procaspase-3@, E167AY 18.2+ 2.6 0.0004+ (2.0 x 107%) 2.2x 10
Procaspase-3@3, Y203Fy 129+ 1.9 0.003+ (6.0 x 107%) 2.3x 10
Procaspase-3@, E173AY no measurable activity

Caspase-3(D169A) no measurable activity

(unprocessed)
Caspase-3(D169A) >75 ND? ND¢

processed with granzyme B
apH 7.5.° pH 8.0, which represents the optimal pH for the procaspaseA refers to procaspase-3(D9A, D28A, D175ANot determined.

found that D175 was accessible to cleavage since the mutantnteresting to note that this mutant cleaves itself after the
could be processed efficiently with wild-type caspase-3 sequence SWRI®¥S, although at this point it is not clear if
(Figure 2B) or granzyme B (data not shown), which cleaves the E173A/D175A double mutation results in a change in
the polypeptide chain following D175. In Figure 2B, bands the substrate specificity. In addition, it is not yet clear why
2 and 3 represent cleavage in the prodomain at D9 and D28 mutating both residues leads to the cleavage at N208 in L3.
respectively; band 4 is the large subunit with a full-length Finally, we note that the Y203F variant was not fully
prodomain, and band 5 is the large subunit cleaved at D9.processed following overexpressionHn coli. The protein
Band 6 is the processed large subunit, and band 7 is thewas cleaved at D175, but the prodomain was not removed
processed small subunit (17 and 12 kDa, respectively). Theefficiently. As shown in Figure 1 of the Supporting Informa-
cleaved caspase-3(D169A) mutant had extremely low activ- tion, two bands were observed for the large subunit, the larger
ity, as described below. of which represents the large subunit containing the pro-

The second surprising result was that procaspasef3(D domain. It has been shown, however, that the prodomain
E173A) was partially processed (Figure 2A,C), whereas does not bind to the active site or affect activigy.(As noted
E173A in the context of wild-type caspase-3 was processedbelow, the catalytic parameters for this variant on the artificial
normally (see Figure 1 of the Supporting Information). The substrate DEVD-AFC were unchanged versus wild-type
three processing sites (D9, D28, and D175) were removedcaspase-3.

previously and replaced with alanine to generate the triple  \We examined all of the proteins by circular dichroism (data

mutant called procaspase-3f) (9). We showed §) that not shown) and by fluorescence emission (described below)
procaspase-3({3) does not autoprocess when overexpressed spectroscopies. The results showed that while there were
in E. coli (see also Figure 2A). Other mutations at the three some differences when compared to the controls, all of the

processing sites also abrogated autoprocessing (Figure 2A)proteins were folded and contained well-packed tertiary
For procaspase-3@B/E173A), however, the predominant stryctures.

32 kDa band, representing the full-length protein, was
cleaved initially into~23 and~9 kDa species (see Figure
2C). The large band was then cleaved more slowly to an
~18 kDa fragment (see Figure 2C and Figure 1 of the
Supporting Information). We used N-terminal sequencing to
determine that the protein was cleaved initially at N208, in
L3. In addition, the protein was degraded over a period of
several days following this initial cleavage (Figure 2C, top
panel). To examine whether the alternate cleavage occurre
as a result of autoproteolysis, the time course for degradation e
of the protein was monitored by incubating procaspase- altered, and the specificity constant was degreasedmy
3(DsA/EL173A) with several serine protease inhibitors (Figure fold. In the context of mature caspase-3, neither E173A nor
2C, top panel) or with the caspase-3 inhibitor Ac-DEVD- Y 203F significantly affectedy or kea

CMK (Figure 2C, bottom panel). The sample incubated in ~ The alternately processed procaspase;8(B173A) ex-

the presence of serine protease inhibitors was completelyhibited no activity against the Ac-DEVD-AFC substrate (data
processed after3 days, whereas most of the procaspase not shown), even though it degraded itself over time (Figure
was degraded after 2 days. Alternatively, the sample 2C). However, E173A had no effect on the activity of mature
incubated in the presence of the caspase-3 inhibitor remainedcaspase-3. Likewise, we observed no activity for full-length
intact after 8 days, with the exception of the processing that caspase-3(D169A). In addition, the protein had very little
occurred during purification. Note that the data for the first activity following cleavage with granzyme B. Under these

4 days are shown in Figure 2C. Because caspase-3(E173Ayronditions, we estimated that th&, was greater than 75
was processed normally, the results showed that the alternatedM. We could not determine thie., for this mutant since
processing of procaspase-3f)E173A) at N208 resulted  the substrate concentrations were not saturating under these
from mutating both E173 and D175 to alanine. It is conditions.

Enzymatic Actiity. We measured the enzymatic activity
of the proteins against the substrate Ac-DEVD-AFC, and
the results are summarized in Table 1. Both E167A and
Y203F, in the context of the procaspase resulted in higher
Kwm values, and E167A also had a large effectkap As a
result, the specificity constarks./Kv, was>40-fold lower
for this mutant while the effects of Y203F were more modest.
F167A also had large effects on the activity of mature
caspase-3, where it was observed that bqitandk... were
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Ficure 3: V8 (Endo-Glu C) or trypsin protease digests of (pro)caspases. V8 digest of procaspaSe(B{Dor of wild-type caspase-3

(B). Trypsin digest of procaspase-3@) (C) or of wild-type caspase-3 (D). (E) Trypsin and V8 protease cleavage sites are mapped onto

the caspase-3 structure, and the cleavages are summarized in Table 2. The structure was generated using PyMOL (Delano Scientific). The
cleavages at K57, R64, and R207 (underlined) are by trypsin, and the cleavages at E98, E106, E173, D190, E248, and D253 (italicized) are
by V8 protease. The primes denote residues from the second heterodimer. Results for the loop bundle mutants are provided as Supporting
Information and are summarized in Table 2.

Overall, the results showed that E167A and D169A (Table 2 and Figure 1 of the Supporting Information). For
significantly affected the activities of the procaspase and the the full-length D169A variant, cleavages occurred at the same
mature caspase, and the E173A mutation, when coupled tosites that they did for procaspase-3, but the kinetics of
the D175A mutation, resulted in an alternately processed cleavage were much slower (Table 2). The data indicate that
procaspase that had no activity when measured against dhe sites are less accessible to the protease than the same
synthetic peptide substrate. In contrast, E173A in caspase-3ites in procaspase-3¢B). One should note that four large
had no effect on activity. Y203F had little effect on the bands were observed in this protein rather than the three
activity of either the caspase or the procaspase, although, avands for procaspase-38). As described previouslydj,
noted above, it did not efficiently remove its own propeptide. the appearance of the fourth band is due to cleavage at D9,

Limited Proteolysis with V8 Proteas€o examine poten-  which is missing in the procaspase-3f) variants but
tial conformational changes, the mutants were subjected toremains in the D169A variant. In the case of E173A, the
limited proteolysis with V8 and trypsin proteases. We prodomain was cleaved at E25 in the alternately processed
determined previously9j that V8 protease (Endo-Glu C) procaspase variant, but the other sites were not cleaved (Table
cleaves procaspase-3 initially at E248/D253, in L4, to 2). Interestingly, the alternately processed procaspase was
generate fragments of29 and 4 kDa. The larger band was not degraded further, suggesting that the E248/D253, E98/
termed band 2 (Figure 3A). The initial cleavage was followed E106, and E173/E190 sites were not accessible to the
by cleavage at E25 in the prodomain to generate band 3.protease. Finally, the procaspase variant of Y203F was
Band 3 was then cleaved simultaneously at E98 and E106cleaved in a manner similar to that of the control (Table 2).
and at E173 (L2) and E190 (D2 giving rise to 16-18 and Cleavage of caspase variants E167A, E173A, and Y203F
~8 kDa bands. These results are shown in Figure 3A andoccurred in a manner similar to that of the wild-type protein
are summarized in Figure 3E and Table 2. Caspase-3 alsqTable 2 and Figure 1 of the Supporting Information).
was cleaved at E248/D253 and at E173, but the cleavages Limited Proteolysis with Trypsin Proteasé/e showed
at E25, E98/E106, and E190 did not occ8y (Figure 3B (9) that trypsin cleaved procaspase-3 in L1 at R64 and K57,
and Table 2). We suggested previously that hydrogen bondswhich generated fragments o225 and~4 kDa (Figure 3C).
utilizing the side chains of E98, E106, and E190 are not Cleavage of the 25 kDa fragment at R207, in L3, led to
formed in the procaspase, which affects their accessibility fragments of 16 and 9.5 kDa. The results of trypsin cleavage
to the proteasedj. also are summarized in Figure 3E and Table 2. These sites

For the E167A variant, the prodomain was cleaved at E25 are important because R64 forms part of the S1 binding
in the procaspase, but the other cleavages were not observegocket, whereas R207 makes contacts with the substrate in
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Table 2: Summary of V8 and Trypsin Proteolysis

V8 Protease

cleavage site

protein E248/D253 E25 E98/E106 E173/E190 comments loops affected by mutation
procaspase-3 + + + + bands 2 and 3, 1618 and~8 kDa bands -
D;A/E167A® - + - - removal of prodomain at E25 L2"and L4

is the only cleavage
D169A + + + very little very slow kinetics of cleavage Land L4
D;A/E173A - + - - cleavage of prodomain at E25; L2"and L4
8 kDa band arises from alternate processing
DsA/Y203F + + + + cleavage kinetics similar to those of the control none
caspase-3 + - - + cleavage at E173; no cleavage at E190 -
E167A + - - + cleavage kinetics similar to those of the control none
E173A + - - + cleavage kinetics similar to those of the control none
Y203F + - - + cleavage kinetics similar to those of the control none
Trypsin Protease
cleavage site loops affected

protein K57/R64 R207 comments by mutation
procaspase-3 + + cleavage in L1 and L3 -
D:A/E167A + + cleavage kinetics similar to those of the procaspase control none
D;A/D169A + + cleavage kinetics similar to those of the procaspase control none
Ds;A/Y203F + + cleavage kinetics similar to those of the procaspase control none
caspase-3 + (large subunit)  + (small subunit) cleavage is10 times faster than for the procaspase -
E167A + + cleavage kinetics similar to those of the caspase control none
E173A + + cleavages at K57/R64 and R207 much slower than for the control L1and L3
Y203F + + cleavage at K57/R64 slower than for the control; L1and L3

cleavage at R207 much slower than for the control

aD3A refers to procaspase-3(D9A/D28A/D175A).

both the S1 and S3 binding pockeld(12). For caspase-3  processed and unprocessed protein. Finally, Y203F had little
(Figure 3D and reb), the same cleavages occurred as in effect on L4 in either the procaspase or the caspase but
the procaspase except that the protein was cleaved muchaffected L1 and L3 in the caspase.
faster. The large subunit was cleaved rapidly by trypsin at  Quenching of Fluorescence Emissidine (pro)caspase-3
K57/R64 to generate bands ofL4 and~3.5 kDa, whereas  dimer has four tryptophans, two on each small subunit, W206
the small subunit was cleaved at R207 to generate fragmentsand W214 (see Figure 1). Both tryptophans are located on
of ~9 and~3 kDa. One should note in Figure 3D that the L3 and stack together in the active site, and W214 hydrogen
smaller bands are not observed. When compared to cleavagebonds with the substrate in the S4 subsité)( We have
of the procaspase, the results suggest that the cleavage sitassed a variety of biochemical and biophysical methods,
are more accessible in the mature caspase. including analytical ultracentrifugation, size exclusion chro-
In the case of the E167A variants, the same cleavagesmatography, and urea denaturation studizs2d, 26), to
occurred in L1 and L3 and with kinetics similar to those of show that the fluorescence emission changes as the pH is
the respective controls (Table 2 and Figure 2 of the decreased from pH 9 to 3 due to dissociation of the dimer
Supporting Information). Likewise, the D169A variant, which (pH ~4—5) and unfolding of the monomer (pH4).
is unprocessed, was cleaved in a manner similar to that ofChanges in fluorescence emission versus pH are described
the procaspase (Table 2). In contrast, the processed E173An more detail below, but as we show here, the conforma-
and Y203F caspase variants were cleaved more slowly attional changes also correlate to a change in the accessibility
K57/R64 in L1 (Table 2). Likewise, cleavage at R207 was of the active site tryptophans to iodide quencH®r Thus,
very slow for both mutants when compared to the control. a measure of the changes in the Steviolmer quenching
The results for E173A were surprising since the side chain constant Ksy) versus pH is a good probe of active site
of E173 was not predicted to contact other residues in the conformation, especially when mutations are made in or
active site region. Finally, the Y203F procaspase variant wasaround the active site. For example, procaspasef3(D
cleaved in a manner similar to the control (Table 2). The underwent two conformational changes between pH 9 and
data for the mutants are shown in Figure 2 of the Supporting 3, and each conformational change increased the accessibility
Information and are summarized in Table 2. of the tryptophan residues to quenching by iodide [see Figure
Overall, the results of the limited proteolysis with trypsin  4A (O)]. The first transition occurred between pH 8 and
and V8 proteases suggested that E167A affectédah?l ~6.5, and the second transition occurred between pH 5 and
L4 in the procaspase, but not in the caspase, and did not4. While the exact mechanism for the increas&ix is not
affect L1 or L3 in either form of the protein. D169A, which  known, the first transition correlates with dissociation of the
is unprocessed, affected L@nd L4 but not L1 and L3, and  propeptide from the protease domain, and the second
E173A affected L1 and L3 in the caspase variant. Becausetransition correlates with dissociation of the dim8y. (For
the procaspase is alternately processed, however, it is notaspase-3, three transitions were observed as the pH was
clear if E173A also affected the active site loops in the decreased [see Figure 4B). The first transition (pH 8 to
procaspase as well since the sample was a mixture of~7) resulted in a small decreaselsy; the second transition
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Ficure 4: Fluorescence emission quenching by iodide and changes in average emission wavlémgthi. The SteraVolmer quenching
constantsKsy, are a measure of the accessibility of the active site tryptophan residues to iodide. (A Kad Bllues were determined

for the quenching of tryptophan fluorescence emission over the pH rangefd (A) procaspase-3(@#\) (O) and (B) mature caspase-3

(O) and the (pro)caspase-3 mutar®.(The solid lines represent fits of the data as described in Experimental Procedures. For panels C and
D, the average emission wavelengfhl] was determined over the pH range of 29 for procaspase-3@) (O), mature caspase-®j,

and each (pro)caspase-3 mutdnj.(The solid lines represent fits of the data as described in Experimental Procedures. For pabels A
representative data are shown for E167A, and results for all mutants are provided as Supporting Information.

(pH ~7 to 4.5) resulted in a small increaseKay, and the the processed E173A caspase variant at higher pH. Following
third transition (pH 4.5 to 4) resulted in a sharp increase in a single transition between pH7.5 and 7, theKsy did not
Ksv. Again, the exact mechanism for the changeiy is change at lower pH. The procaspase variant of Y203F was
not known, although we have shown that the caspase-3most similar to the control as both transitions were observed,
heterotetramer (equivalent to the procaspase dimer) dissoci-although the second transition occurred with a lowes qf
ates between pH-6 and 4 9, 21). ~4 versus a i, of 4.5 for the control. In contrast, the caspase
Overall, the quenching data demonstrate that all of the variant of Y203F exhibited a lowdfsy at both lower and
loop bundle mutations affected the electrostatic environment higher pH.
of the (pro)caspase-3 active site and may have affected the We showed previouslydj that the results are specific to
pH-dependent conformational changes of the proteins. Forthe negatively charged iodide ion since the tryptophan
the E167A variants, the first transition (between pH 7.5 and fluorescence quenching was weak in the presence of either
~6.5) was not observed in the procaspase (Figure 4A), andcesium or acrylamide. We also observed that quenching of
caspase-3(E167A) demonstrated a lakge at higher pH the tryptophanyl fluorescence emission in the mutants was
and a lowerKsy at lower pH (Figure 4B), which was the weak in the presence of acrylamide (Figure 3 of the
opposite of that for the wild-type caspase control. Repre- Supporting Information).
sentative data for E167A are shown in Figure 4, while data Fluorescence Emissiarersus pHWe showed previously
for all mutants are shown in Figure 3 of the Supporting that the fluorescence emission maximuai, of procaspase-
Information and are summarized here. For the unprocessed(Ds;A) decreased as the pH was lowered from 9 to 8,5 (
D169A variant,Ksy did not change as the pH was lowered. 21). One major transition was observed between pH 5 and
The alternately processed E173A procaspase variant dem3 in which [A[was blue-shifted [see Figure 40)], and we
onstrated a highdfsy at higher pH compared to the control. have shown that the transition correlates to dissociation of
In contrast, theKsy was lower than that of the control for the dimer 21, 26). A second transition, which was due to
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unfolding of the monomer2({, 26), was observed at pH 3
and resulted in a red shift il For caspase-320was red-
shifted at higher pH relative to the procaspas&45 nm vs
342.5 nm) [see Figure 400)]. We suggested that the higher

Feeney et al.

or a combination of the two. In contrast, the correctly
processed E173A caspase was very similar to the wild-type
control except that it§&1Owas red-shifted at higher pH. The
changes iriA[show that the active site tryptophanyl residues

[A100of the caspase is consistent with a more open active sitewere somewhat more solvent accessible in E173A than in
conformation in the caspase in which the tryptophan residuesthe control. Finally, theA{values of the Y203F variants
are more solvent accessible relative to their positions in the were significantly different from either of the controls. In

procaspase9j. As the pH was lowered,A[lof caspase-3

the procaspase variarijJwas blue-shifted at higher pH

was blue-shifted between pH 7 and 4 due to dissociation of compared to the control, but the major transition occurred

the heterotetramer2(, 26). Below pH ~4, [A00was red-

with a similar K, (4.1 and 4.3, respectively). Like the E167A

shifted, and this was due to dissociation of the heterodimer variant, the Y203F variant also affected the fluorescence

into the individual subunits2l). Thus, the pH dependence
of [A0s useful in examining the solvent accessibility of the
active site tryptophan residues as well as the oligomeric
properties of the proteins.

Measures ofillversus pH for the loop bundle mutants
showed that all of the mutations affected the active site
tryptophans, but the effects were not equivalent. For the
E167A procaspase variarfwas slightly blue-shifted at
higher pH compared to the control (342 nm vs 342.5 nm)
(Figure 4C). A new transition occurred between pi8.5
and 5 that resulted in a blue shift 0.5 nm. The major
transition then occurred between pH 5 and 4, withka p
similar to that of the control (g, ~ 4.3). While it is not
clear what the new transition represents in terms of confor-

emission of the procaspase monomer at low pH. This was
true also for the Y203F caspase variant.

Overall, measures dfillversus pH for the loop bundle
mutants showed that most of the mutations significantly
affected the environment of the tryptophan residues at higher
pH. In most cases, except D169A, the mutations did not
appear to affect the stability of the dimer; however, E167A
decreased the stability of the procaspase monomer. Both
E167A and Y203F affected the fluorescence emission of the
procaspase monomer and caspase heterodimer at low pH in
a manner that suggested a shielding of charges in the active
site so that the tryptophan residues were in a more hydro-
phobic environment.

Crystal Structures of Wild-Type and Three Loop Bundle

mational changes in the protein, it has been observed in otheMutants.To further examine potential conformational changes
(pro)caspase-3 mutants that affect the active site conforma-in the loop bundle proteins, we crystallized and determined

tion, either in L4 (K242A) 21) or in the dimer interface
(V266E) 0). At lower pH, the monomer of procaspase-
3(DsA/E167A) may be less stable than that of the control
since it unfolded at a higher pHKp ~ 3.4 and K, < 2.5,
respectively).

The[A0of the caspase variant of E167A also was slightly

the structures of the E167A, E173A, and Y203F caspase
variants with the inhibitor Ac-DEVD-CMK bound. Unfor-
tunately, we were unable to crystallize the D169A mutant.
At present, procaspase-3 has been resistant to crystallization;
thus, there currently are no structures available for the
procaspase. Likewise, there are no structures for apocaspase-

blue-shifted at higher pH, but the protein underwent the same 3, although we note a report by Ni et a28] describing the

major transition between pH-6 and ~4 as the control
(Figure 4D). In contrast to the control, howevir,ivas blue-
shifted during the transition below pH-4. The latter

structure of an “unliganded” caspase-3. In their studies,
however, the protein was incubated in the presence of an
inhibitor during crystallization, but the inhibitor was not

transition was described previously for wild-type caspase-3 observed in the final structural model. Consequently, it is
in the presence of cationg%), and we suggested that the not clear whether their data are representative of apocaspase-
cations shield negative charges that affect fluorescence3. So, currently we must use structures of the holoenzyme
emission upon subunit dissociation. The results presentedto infer properties of both the procaspase and the apocaspase.
here suggest either that E167 is one of the charges shielded As part of our studies of the mutants, we also determined
by cations in wild-type caspase-3 or that the mutation the high-resolution structure of wild-type caspase-3. While
affected the conformation of the subunit at low pH, which this structure has been determindd,(12), data collection
consequently affected the fluorescence emission in a manneoccurred at higher temperatures because the crystals were
similar to that of the cations. not frozen. As a result, the initial structures of caspase-3
Representative data for E167A are shown in Figure 4, were determined to 2-32.5 A resolution. Since those earlier

while data for all mutants are shown in Figure 4 of the studies, others have determined higher-resolution structures

Supporting Information and are summarized here. e

of the D169A variant was similar to the procaspase control
at higher pH, but the major transition (from p+b to ~4)
occurred with a K, significantly higher than that of the
procaspase control ia ~ 5 and K, ~ 4.3, respectively).
The increased i, for the transition of D169A showed that
the homodimer was less stable than that of the control,
causing the subunits to dissociate at higher pH. Miiéof

of caspase-3 by first freezing the crystal in cryoprotectant
that usually consisted of 2680% glycerol 28—32). We
screened a variety of solutions and found optimal freezing
conditions to consist of 80% reservoir solution and 20% PEG
400 (see Experimental Procedures). These conditions yielded
a caspase-3 structure to 1.4 A resolution and also were used
to freeze crystals of the mutant caspases. The space group
symmetry for our crystals wa®22 (Table 3), the same as

the alternately processed D173A procaspase variant morethat described by Rotonda et al. [PDB entry 1PA)[ with

closely resembled that of caspase-3 rather than the pro-one heterodimer per asymmetric unit. The heterotetramer was
caspase. However, thé[ldecreased in a broad transition built from symmetry-related operations and compared to the
between pH~6 and 3. Since this variant was alternately structure described by Mittl et al. [PDB entry 1CPRLY].
processed, it is not clear at present whether the resultsin their case, caspase-3 crystallized with symmetry of space
correlate to the procaspase, the alternately processed caspasgroup P2;, with one heterotetramer per asymmetric unit.
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Table 3: Summary of Statistics for Data Collection and Refinement for Caspase-3 and Loop Bundle Mutants

wild type E167A E173A Y203F

temperature (K) 100 100 100 100
resolution (A) 35.6-1.4 35-15 35-1.3 35-2.0
space group 1222 1222 1222 1222
unit cell

a(h) 68.73 67.33 68.80 67.38

b (A) 84.40 83.93 84.23 83.30

c(A) 96.35 95.50 96.14 95.92

o, 3, v (deg) 90 90 90 90
no. of reflections 54279 49333 66657 58178
completeness (%) 97.9 (8398) 76.0 (92.99 98.5 (88.3) 86.9 (37.29
lo 46.23 (1.349 34.6 (2.52 50.7 (2.049 455 (1.7Y
Rinerge (%0)2 5.9 9.3 11.5 147
redundancy 5.8 (3.5) 5.1 (2.5Y 6.5 (3.4} 6.5 (6.9}
Ruork (%)° 19.6 20.0 19.4 17.6
Riree (%0)° 20.7 21.6 20.2 20.5
rmsd for bond lengths (A) 0.005 0.005 0.005 0.006
rmsd for bond angles (deg) 1.30 1.26 1.28 1.26
rmsd for dihedral angles (deg) 24.39 24.26 24.37 24.07
rmsd for improper angles (deg) 1.08 1.00 1.06 0.98
averageB factor (A?) 24.84 23.8 19.71 21.83
no. of protein atoms 1974 1935 1935 1894
no. of water molecules 290 204 305 251
rmsd 0.46 0.19 0.09 0.18

@ Rmerge= Ynyill(hi) — I(N)|/3nYil(h,i), wherel(h,i) values are symmetry-related intensities & is the mean intensity of the reflection with
unique indexh. ® Ryork = 3 ||Fobd — |Feaid |3 |Fobd, WhereFqnsandFcac are observed and calculated structure factors, respectiiéfye = 5 1/|Fobd
— |Fead|/>1|Fopd, WhereT is a test data set of 10% of the total reflections randomly chosen and set aside prior to refideédagatfor the
highest-resolution shell in parenthese€ompared to the 1CP3 structure as described in thet€ampared to our wild-type caspase-3 structure.

Overall, the root-mean-square deviation (rmsd) between our The structures of E167A, E173A, and Y203F with an
structure of caspase-3 and that of Mittl et al. wa8.4 A inhibitor bound were determined to 1.5, 1.3, and 2.0 A
(Table 3). The primary differences between the two structures resolution, respectively (Table 3). Overall, the structures were
were found at the termini of the large and small subunits. In very similar to that of wild-type caspase-3, and the average
our structure, electron density was observed starting at S29rmsd was 0.15 A (Figure 5A and Table 3). For E167A, the
which is the first residue in the large subunit after maturation, termini were the same as those for caspase-3, except that
whereas the structure of Mittl et al. began at N35. As a result, electron density at the N-terminus of the small subunit was
we observed some differences in the interactions across theobserved beginning with H185 in the mutant rather than
dimer interface. For example, the side chain of R238 was G177 as for the wild type. There were no readily observed
different from that of the 1CP3 structure in that it was clearly changes in L¥L4 that might explain the effects of the
interacting with N35(the prime indicates residues from the mutation onk:s: or Ky or the accessibility of the iodide
second heterodimer), where the two side chains were 3.2 Aquencher to the active site tryptophans. We note, however,
apart (data not shown). In the 1CP3 structure, R238 appearedhat L1 and L4 were involved in crystal packing contacts
to interact with E272as part of a series of chargeharge with a symmetry-related molecule, where L1 of the related
interactions across the dimer interface that presumably molecule packed between L1 and L4 (data not shown). As
stabilizes the oligomer. In our structure, E2ir@eracted with a result, changes in these loops may not be observed in the
H234 (3.7 A) as part of the same series of interactions. At crystal structure. Nevertheless, the data show that the
the N-terminus of the small subunit, we observed electron hydrogen bonds that form between the backbone amide and
density starting with G177, whereas the earlier structures carbonyl of E167 and the backbone atoms of G202 and Y204
started either with H1851(@) or with K186 (12). The data  were present also in the A167 variant (Figure 5B), and the
showed that residues 17184 were positioned relatively  distances of the hydrogen bonds were unchanged. Likewise,
close to the active site such that D180 wad.9 A from hydrogen bonds between the backbone atoms of Y203 and
K210 in L3. The consequences of this proximity are not R164 and between R164 and G202 were unchanged (Figure
known currently since residues 17184 also made several 5B). However, the interactions between the side chain of
contacts with a symmetry-related molecule in the crystal E167 and the carbonyl of P201, mediated by a water
lattice (data not shown). At the C-terminus of the large molecule, were absent in the mutant. The water molecule
subunit, we observed electron density for the backbone was reasonably well-ordered in the wild-type structure, with
through T174. In the earlier structures, this electron density a temperature factor comparable to that of the E167 side
was modeled with the side chain of E173. While the chain oxygen {34 A?. This water molecule was not
consequences of the alternate model for E173 are discussedbserved in the mutant structure. Instead, a new water
below, we note that other high-resolution structures of molecule was observed in place of the E167 side chain,
caspase-3 were modeled with the backbone of T174 in thisalthough it was not well-ordered (temperature factor of 51
position B0). Finally, we note that residue 190 was a A2 (Figure 5B), and it was too far from the carbonyl of
glutamate in our structure of caspase-3, whereas it was anP201 to form a hydrogen bond (5.4 A). Overall, the data
aspartate in the 1CP3 structure. suggest that the lower activity of the mutant resulted from
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Ficure 5: X-ray crystal structures of caspase-3 variants. (A) Overlay of structures of wild-type caspase-3 (green), E167A (cyan), E173A
(orange), and Y203F (yellow). (B) Stereoview of wild-type (green) and E167A (cyan) structures highlighting residues near E/A167. The
red sphere represents a water molecule in the wild-type structure, whereas the yellow sphere represents a water molecule in the mutant
structure. (C) Stereoview of wild-type (green) and E173A (orange) structures highlighting contacts in residues near E/A173. (D) Stereoview
of wild-type (green) and Y203F (yellow) structures highlighting contacts in residues near Y/F203. The red spheres represent water molecules.
For panels B-D, the small numbers represent distances (in angstroms) between two atoms connected by the dashed line, and the primes
denote residues from the second monomer.

the loss of the hydrogen bond between E167, in L2, and carbonyl (in L2) to the side chain of R14%vhich is located
P201, in L3. Destabilizing the elbow loop, which contains in a turn between helices and 3 of the second heterodimer
P201, could very well affect the substrate binding loop, L3, (Figure 5C). The distance between these atoms was 3.1 A.
and thus the ability of the variant to bind substrate. In addition, the backbone amide of T174 was within
Alternatively, changes in the elbow loop may affect the hydrogen bonding distance of the carbonyl oxygen of H185
stacking interactions among P201, R164, and Y197, shownfrom L2 (2.8 A). As shown previously30), these new
in Figure 5B, which may in turn affect the catalytic cysteine, interactions further confirmed that the electron density in
C163. We note also that the lower activity could be from this region represented the backbone and side chain atoms
changes in solution that are not observed in the crystals. Thatof T174 rather than the side chain of E173. From the solution
is, the conformation of the protein important for function properties of the E173A variant described above, we found
may not be stabilized in the crystals since loops are flexible. that the mutation affected the conformation of L1 and L3 as
For the E173A variant, we observed electron density for well as the environment of the tryptophanyl residues in the
the small subunit starting at H185 rather than G177, as for active site. Overall, these effects on the conformation were
the wild-type protein. However, the side chain of H185 still not sufficiently large to affect the activity. While there is
was positioned to hydrogen bond with the backbone carbonyllittle electron density for the side chain atoms of E173 in
of T245 (Figure 5C). In E173A, we clearly observed electron our data, it was not predicted to interact with other groups
density for the backbone and side chain of T174 of the large on the protein since it appeared to be oriented toward the
subunit. Modeling the backbone of T174 to fill the electron solvent. Erlanson and co-workers made similar observations
density resulted in a rotation of the E/A173 backbone atomsin a caspase-3 bound to a tethered inhibi®)( Overall,
around they bond when compared to the earlier structure the structure of E173A demonstrated little difference from
of caspase-31(). The rotation of the E/A173 backbone that of wild-type caspase-3, although as noted above, crystal
atoms resulted in the relative proximity of the E/A173 contacts in the regions of L1 and L4 may prevent us from
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observing changes in these regions that could be correlatednutant with granzyme B, which cleaves in the intersubunit
to the solution properties of the protein. We note, however, linker of procaspase-3 following D175, showed that the
that like E167A, replacing E173 at the C-terminus of the processing site was accessible for cleavage, and circular
large subunit affected the stability of the N-terminus of the dichroism studies showed that there were no large confor-
small subunit since there was no electron density for G177 mational changes in the protein. The granzyme B-processed
C184 in the mutant. At present, it is not clear how replacing D169A variant exhibited little measurable activity, with a
the E173 side chain in L2 could affect the N-terminus of Ky of >70 uM. Thus, of the four mutants that were
the small subunit since there are no predicted polar contactsexamined, the data showed that the contacts provided by
for the side chain of E173 except to solvent. D169 are critical for both producing and maintaining the
Like the other mutants, there was little difference between active site of the mature caspase-3.
the structures of the Y203F variant and wild-type caspase- The results presented here are surprising for several
3, with a rmsd of 0.18 A (Figure 5D and Table 3), although reasons. First, in caspase-3, the side chain of E173 did not
this mutation also affected the stability of the N-terminus of appear to have contacts with other residues. Although the
the small subunit. For Y203F, we observed electron density backbone was involved in hydrogen bonding interactions,
for K186 but none for G17#H185. We note that all of the  these should not be affected by replacing the side chain.
hydrogen bonds formed by E167 in wild-type caspase-3 alsoWhen E173A was coupled to the D175A variant, the
formed in the mutant, although for clarity, E167 is not shown procaspase was alternately processed in L3, and we showed
in Figure 5D. All of the backbone and side chain interactions that this occurred by autolysis. At present, it is not clear why
involving E167 and D169, described above, were observedthe E173A/D175A double mutations resulted in this property
in the Y203F mutant as well, including the water-mediated since neither of the single mutations resulted in the alternate
E167-P201 interactions. However, electron density was processing. The ensuing caspase was not catalytically active,
missing for residues beyond D169, showing that the chain which probably was due to cleavage of the substrate binding
was more flexible for C176D175 in the mutant. Interest- loop at N208. Second, cleavage of the D169A variant at
ingly, the increased flexibility appeared to be due to loss of D175 was not sufficient for activation, as it was for wild-
hydrogen bonding interactions between F203 and the back-type caspase-3, and this probably was due to the loss of
bone amide of C170. In wild-type caspase-3, these interac-hydrogen bonds among L2, L4, and'L&ntered around
tions were mediated by two water molecules (Figure 5D). D169. The data also showed that replacing D169 abrogated
The first of these was 2.6 A from the hydroxyl group of activity in the procaspase and decreased the stability of the
Y203, and as shown in Figure 1E, the water molecule was procaspase dimer. While it is not known whether the contacts
thought to mediate interactions across the dimer interface provided by D169 are present in the procaspase as well, the
between Y203 and R144However, the data for Y203F data suggest that this is the case. Third, the Y203F and
showed that the water molecule instead mediated interactionsE167A variants showed the importance of hydrogen bonds
between the hydroxyl of Y203 and the amide nitrogen of mediated by water molecules in stabilizing the loop bundle.
C170 through a second water molecule that was 2.9 A from E167 interacted with P201 within the elbow loop, whereas
the NH group of C170 (Figure 5D). The water molecules Y203 interacted with C170 in L2. In both cases, replacing
were absent in the mutant. The lack of interactions betweenthe side chain resulted in the loss of the water molecules. In
Y203 and C170 appeared to destabilize the chain beyondaddition, removal of the hydroxyl group from the tyrosyl
D169, suggesting that the putative interactions betweenside chain in the Y203F variant and subsequent loss of two
Y203F and R144across the dimer interface were less water molecules resulted in increased flexibility for all
important structurally than the Y263C170 interactions. The  residues C-terminal to D169 in the large subunit.
R144 side chain was mostly unaffected by the mutation,  From the crystal structures of E167A, E173A, and Y203F,
which lends support to this conclusion. In addition, the data we found that the three mutations affected the electron
showed that the Y203 hydroxyl likely does not interact with density of the N-terminus of the small subunit (residues176
the third water molecule that is 3.4 A away (Figures 1E and 185), among other changes. The proteins, in general,
5D) since the water molecule was present in the mutant asdemonstrated similar solution properties. Namely, there were
well. Overall, the Y203F mutation had little effect on the changes in fluorescence emission, accessibility of the active
enzyme activity, so destabilizing the C-terminus of the large site tryptophans to quencher, and accessibility of residues
subunit from C170 to D175 did not affect activity. However, in L1 and L3 to cleavage by trypsin. One interpretation of
it did affect the accessibility of K57/R64, in L1, and R207, the results is that the point mutations resulted in conforma-
in L3, to cleavage by trypsin, and it affected the active site tional changes in the active site. However, the mutations were
environment of the tryptophan residues as observed inapproximately 20 A from R64 and R207 in L1 and L3,
changes in fluorescence emission and accessibility to quenchrespectively. Therefore, structural perturbations caused by
ing by iodide. the mutations would occur over reasonably long distances.
With the exception of E167A and D169A, as noted above,
DISCUSSION the mutations had relatively minor effects on the caspase-3
Biochemical and biophysical studies presented here showactivity, and the structural data for the holoenzymes showed
that all four mutations affected the solution properties of the no changes in the active sites of the mutants. Overall, the
enzyme. While the enzyme activity was mostly unaffected results show that the E167A, E173A, and Y203F mutations
in the E173A and Y203F mutants, a larger effect was do not result in large structural perturbations of the active
observed in the E167A and D169A mutants. For D169A, site residues, except for the noted changes in the elbow loop
the protein did not autoprocess when expresseH.igoli for EI67A. We suggest an alternative interpretation in which
cells, as does wild-type procaspase-3. Treatment of thethe effects of the mutations on the observed solution
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properties are due to the increased flexibility in the N- residues) and the C-terminus of the large subunit (Y203F)
terminus of the small subunit since this region was affected in the caspase.

in the three mutants. The N-terminal region, which includes
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