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ABSTRACT. Cysteine-dependent aspartic proteases (caspases) are a family of enzymes which play a crucial
role in apoptosis. Caspases accumulate in eukaryotic cells in the form of low-activity proenzyme precursors.
Proteolytic cleavage of specific sites triggers conformational changes that lead to full activation and thus
to the initiation of the apoptotic cascade. Several experimental observations suggest that dimerization is
crucial for activity and regulation, but the underlying molecular mechanisms have not yet been completely
resolved. In this work, we have used a structure-based thermodynamic analysis method [Edgcomb, S. P.,
and Murphy, K. P. (2000Curr. Opin. Biotechnalll, 62—66] to calculate the free energy of association

and folding for all the caspases and procaspases whose structures are known at present. In all cases,
analysis of the single-residue contributions to the dimerization energy shows th&0%89of the dimer
stability originates from the highly specific interaction of-124 residues located at the N- and C-termini

of the large and small subunits, respectively. Moreover, our calculations indicate that these residues are
also critical for stabilizing the conformation of the active site loops, which in turn is crucial for the binding

of substrates and inhibitors. Thus, our results help to rationalize the relation between dimerization and
activity in this important class of enzymes and can be used as a starting point for an active manipulation
of the monomer-dimer equilibrium for preparatory and regulatory purposes.

Caspases are a family of highly homologous enzymes thatdistinguish them from the unbound caspasese(caspasés
play a central role in the process of apoptodiy (They and theprocaspases
accumulate in the cell as scantily active proenzymes (zymo- A full molecular understanding of the activation and
gens) B), which reach the fully functional form upon regulation of caspases is still lacking. However, some crucial
proteolytic cleavage at specific site3).( Activation takes  facts have started to emerge. Caspases are synthesized as
place in the form of a cascade in which effector caspasessingle-polypeptide chains containing both p20 and p10.
(caspases 3, 6, and 7) are cleaved by initiator caspasesaturation of procaspases requires proteolytic cleavage of
(caspases 2 and-80) @). In contrast with effector zymo-  the linker (10), a highly flexible region connecting the
gens, initiator procaspases possess a higher residual proc-terminus of the large subunit (p20) with the N-terminus
teolytic activity; they are thus able to self-activate under of the small subunit (p10) of the heterodimer (T2 and T3,
proper conditions and to instigate the apoptosis path®py ( Figure 1a). Several experimental findings also indicate that
The regulation of caspase activity is a crucial issue in the dimer formation 4, 5, 11—13) is an essential requirement
life cycle of all multicellular organisms as irregular apoptosis for procaspase activation, 14) and caspase activityL{).
leads to a variety of disorders such as fetal malformation |ndirectly, this idea is further supported by the observation
and neurodegeneratiofi) (and is almost invariably associated  that the dimermonomer equilibrium can be shifted toward
with the development of neoplasi6)( dimer formation by adding a caspase inhibit& (5).

The crystal structures of all caspases determined to dateHowever, effector procaspases 3, 6, and 7, which are
(caspases 1, 3, and-B) reveal that the mature enzymes are characterized by a very low residual activity, are dimers even
tetramers composed of homodimers of heterodimers (Figureat low concentrationsl6—19). Thus, dimerization, although
1a,b) {7, 8). Each heterodimer is composed of a large (p20) apparently required for caspase activity, appears not to be
and a small subunit (p10). For the sake of simplicity, we sufficient to activate effector procaspases.

will refer to the heterodimer as thﬂonomercaspase and to Very recenﬂy, the first two Crysta] structures of a pro-
the homodimer of heterodimers as tHiener CaSpase%. Caspase, procaspase 7, have been pub“shédle) and

Moreover, all throughout this paper, the caspase structuresprovide a major step toward the understanding of the
with a bound inhibitor are calledactive caspasesto regulation mechanism of caspase activity via dimerization

and linker cleavage. The tertiary structure of procaspase 7
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of the active conformation. In all caspases that have been
studied, a large part (3660%) of the dimerization energy
originates from the interaction of C-terminal T2 of the first
monomer with N-terminal T3 of the second monomer (Figure
1b). These tails are located in the proximity of the L5 and
L6 active site loops whose conformation appears to be critical
for activity. Indeed, our structure-based analysis of the
folding energetics of the active site loops in caspase 7
indicates this interaction as a key element. Furthermore,
because of geometric constraints imposed by the (intact)
linker, this structural feature is absent in the corresponding
procaspase. As a consequence, the conformation of the active
site loops is only favorable for catalysis in the dimeric mature
caspase as it is stabilized by the interaction of the p20
C-terminus of one monomer with the p10 N-terminus of the
other. These findings strongly confirm and generalize the
mechanism for the regulation of caspase activity through
dimerization and linker cleavage that emerged from analysis
of the crystal structures of procaspasel?)( Most impor-
tantly, the structure-based thermodynamic analysis presented
here allows us to pinpoint the hot spots that are most relevant
for stabilizing the active enzyme conformation and to
characterize the nature of the molecular interactions of the
involved residues. Thus, our calculations identify new
potential target regions for the rational design of specific
noncovalent caspase activation inhibitors acting at the level
of proenzyme maturation.

MATERIALS AND METHODS

The starting structures for all the calculations were taken
from the Protein Data BankB). The following caspase and
procaspase structures were considered: 1PAULCP3 8),
1130 (26), 1BMQ (27), 1IBC (28), 1F1J 29), 1151 (30),
1140 (31), 1IKMC (32), 1QDU (33), 1QTN (34), 1JXQ (L1),
1K86 (18), 1K88 (18), and 1GQF 17). Residues are
numbered according to their relative position in procaspase

Ficure 1: Caspase 1 tertiary structure. (a) Monomer caspase 1 ; ; ; ;
(27). The coloring of the secondary structure goes from red to blue 1. According to this numbering, Cys285 and His237 form

upon going from the N- to the C-terminus. Helices are numbered thg catalytic dyad. Residues of the second subuni_t are marked
from H1 to H6, loops from L1 to L53-strands from S1to S8, and ~ With a prime where necessary (e.g., Cys2a&ad His237).
the tails (C- and N-termini) from T1 to T4. (b) Caspase 1 dimer. Crystallographic water molecules and the inhibitor molecules
The symmetry axis is represented by a dashed line. The positionsyere removed where present. Hydrogen atoms were added
of the active sites are indicated with plnk circles. W|th the XLEAP mOdu|e Of AmberG 35) A” h|St|d|ne
free caspase 718), where N-terminal T3 is folded into the residues were considereeprotonated, consistent with the
intersubunit groove and active site loops L5 and L6 are H-bond pattern of the protein environment. All Asp and Glu
partially unfolded. The differences in the conformations of residues were considered deprotonated, whereas Arg and Lys
the active site loops provide a first rationale for the observed were considered protonated. All the other residues were taken
low activity of the zymogen Z20). On the basis of this  to be neutral. The 34 linker residues that were not resolved
structural data, the authors conclude that the interaction ofin the GQF crystal structurd.{) were considered disordered
the T2 C-terminus and the T3 N-terminus should be crucial in the native state3@). Prior to the calculations of the
in stabilizing the conformation of the active site loops, thus dimerization free energies, dimer and monomer caspases
pointing to the requirement of dimerization and linker underwent 100 steps of steepest descent followed by 4900
cleavage for the activity of caspase&). steps of conjugate gradient geometry optimization using the
To investigate the molecular origin of these observations Amber94 force field 87). A generalized Born (GB) model
and to provide a detailed picture of the interaction energies as implemented in Amber6 was used to implicitly account
at the dimer interface, we have calculated the free energy offor the solvation energy contributio88). A cutoff of 15 A
dimerization and foldingZ1—24) of all the caspases whose was used for the nonbonded electrostatic and van der Waals
structures have been determined to date (caspases 1, 3, andteractions.
7-9). In the special case of caspase 7, structures of the Dimerization AGgm) and folding energiesAG(M) and
procaspase, free caspase, and active caspase are availabl&Gr(D)] at 25 °C were calculated according to the meth-
enabling a detailed comparison of the structure and energeticoodology developed by Freire et aR1). This approach has
of the active site loops in different forms. Anticipating our been shown to provide an accurate description of the
results, we find that dimerization is crucial for the stability thermodynamics of proteirprotein interactions and folding



8722 Biochemistry, Vol. 42, No. 29, 2003 Piana et al.

Table 1: Calculated Folding and Dimerization Free Energies (kcal/mol) and Dimer Interface AR#as (A

caspase PDB entry ASASAgim AGgin? AGK(D)P AGE(M)P
1 1BMQ 5144 —57 —61 -4
1IBC 5302 —58 —61 -3
3 1PAU 4260 —44 —42 2
1CP3 4302 —45 —49 -4
1130 5043 -51 =31 20
7 1F1J 4473 —47 -39 8
1151 4590 -50 —34 16
1140 4669 -50 -30 20
1KMC 5034 —60 —40 20
8 1QDU 5366 —55 -39 16
1QTN 5038 —47 —-33 14
9 1IXQ 4434 —45 —43 2
procaspase 7 1K88 3302 —-34 -39 -5
1GQF 3887 —40 -33 7
free caspase 7 1K86 3468 -35 —-30 5

a Calculated folding free energies for the dim&Gg(D)] and isolated monomera\Ge(M)]. ASASAin is the subunitsubunit interface area.
AGgin is the calculated dimerization enerdgyCalculated according to refL

for a large number of system&X, 23, 39—-47). It allows —21, and—21 kcal/mol, respectively) are in good agreement
prediction of free energies of protein folding or binding free with the values derived from experiments40.6, —18.1,
energies at a reference temperature by explicitly calculatingand —16 kcal/mol, respectively)3g, 55, 56). Furthermore,
the entropyAS enthalpyAH, and heat capaci#C, changes. thermodynamic parameters calculated for the unfolding of
These terms are expressed as linear functions of the changellIV-1 protease at 23C (36) (AG = 12 kcal/mol,AS =
in polar (ASAroL), apolar (ASAp), and hydroxyl group —90 cal K’ mol™t, AH = —9.4 kcal/mol, andAC, = 3.4
(ASAon) accessible surface areadC, = ACyap + ACppol kcal K™* mol™!) are in very good agreement with the
= a(T) x AASA+ b(T) x AASAp + c(T) x AASAoH, experimental valuesAG = 14.6 kcal/mol,AS = —79.15
whereay(T) = 0.45+ 2.63x 10* x (T — 298.15)— 4.2 cal K™t mol™*, AH = —9.0 kcal/mol, andAC, = 3.2 kcal
x 107 x (T — 298.15% cal K-* mol -t A-1, by(T) = —0.26 K~ mol™?) (39). Reasonable agreement is also found for
+ 2.85x 104 x (T — 298.15)+ 4.31 x 105 x (T — the calculated thermodynamic parameters for thermal unfold-
298.15% cal K* mol-* A~ andc, = 0.17 cal K mol! ing of SSI at 86°C [AS = 857 cal K’ mol™!, AH = 226
A-1. The bulk of the enthalpy change is also expressed in kcal/mol, and AC, = 2.8 kcal K mol™* (calculated)
terms of theAASA. At the reference temperature of 333.15 compared taAS= 603 cal K* mol™, AH = 216 kcal/mol,
K, it can be written asAHg{(333) = —8.44AASA,, + and AC, = 2.1 kcal K'* mol™! (experimental)]. The large
31.4AASAq. The enthalpy at any other temperature can be dimerization energies calculated for HIV-1 protease and, to
calculated as\HgedT) = AHged(333) + AC,(T — 333.15). a lesser extent, for SSI are consistent with the experimental
There are two main contributions to the entropy term: a evidence which shows that dimerization is a folding event
solvation and a conformational entropy change. The solvation (36, 54). Indeed, in HIV-1 protease and SSI, folding and
entropy AS;on(T) is temperature-dependent and is defined dimerization proceed through a single step, as separate
in terms of the heat capacity as followsAS(T) = folding of the isolated monomers is not possible. Thus,
ASson,adT) + ASsowv,polT) = ACpap X IN(TIT*s 29 + Cppar X dimerization appears to be a folding event that is crucial for
In(T/T*s po). The conformational entropies are evaluated by stabilizing the final conformatior3g, 54). On the contrary,
considering the following three contributions for each amino in the g-trypsin—pancreatic trypsin inhibitor complex, the
acid: AS,..x associated with the transfer of a buried side isolated molecules of trypsin and its inhibitor are stable. The
chain to the surface of the proteinSy.,, the side chain  structures of the isolated molecules have been determined
entropy change associated with the backbone folding, and(PDB entries 2PTN and 1BPI%{, 58) and differ little from
ASy, the backbone entropy change associated with backbonghose in the complex5@) (root-mean-square deviation of
folding. These contributions have been estimated for eachthe backbone atoms of1 A). Thus, in this case, dimeriza-
amino acid and are reported in r48. More details of the  tion induces only very limited folding. As a consequence,
method can be found in ref@2—24, 47, and 48. The the calculated association free energy directly reflects the
accessible surface area was defined as the surface accessibtissociation constant.
to a spherical probe with a 1.4 A radiutd. Reference ASA Validation calculations were also performed using the
values for the unfolded state were calculated for each residuemethod developed by Honig and co-worke&9)(or by
X as the solvent accessible surface area in the Gly-X-Gly simply considering the energy differences between the dimer
tripeptide. Details of the method can be found in r2gs- and monomer as given by the Amber force field as a measure
24, 47, and48. of the binding enthalpy. All the methods employed gave
To validate our implementation of the method presented results in fair agreement. The results and details of these
in ref 21, we performed calculations on HIV-1 protease, the calculations are presented in the Supporting Information.
pB-trypsin—pancreatic trypsin inhibitor complex, and the Active site folding free energies were calculated according
Streptomycessubtilisin inhibitor (SSI) for which both  to the methodology developed by Freire et &l)(and
structural (PDB entries 1HHP, 2PTC, and 3SSE)«(52) outlined above. The starting structure for active caspase 7
and thermodynamic3@, 53—56) data are available. The was PDB entry 1151 0); those for free caspase 7 and
calculated dimerization energies for the three systen39( procaspase 7 were PDB entries 1K8®)(and 1GQF 17),
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respectively. To make the three sequences identical, someThese include the approximation of removing any inhibitor
residues were modified. In particular, the first Thr of the molecule from the calculations, the large number of poorly
p20 subunit present in 151 and K86 but not in GQF was resolved residues present in several crystal structures, and
eliminated; the catalytic Cys285 and Asp268 were mutated the relatively large size of the proteins that were investigated
into Ala. In procaspase 7, the linker residues that were not (~500 amino acids). However, we would like to stress that
present in the other two structures were eliminated. this work is aimed primarily at a characterization of the
MD Simulations of Monomer and Dimer Caspasé Be relative differences and similarities among the various
structural model of the active form of caspase 3 was built caspases as well as at a qualitative identification of the
starting from 1PAU 7). Caspase 3 was immersed in an 81.0 residues that are most relevant for activation and enzymatic
A x 65.3 Ax 74.2 A box containing 10673 water molecules, activity. Clearly, providing values for folding and dimeriza-
corresponding to a density of 1.04 gf&nfthe classical MD tion energies with chemical accuracy is beyond the scope
simulations were carried out using the Amber6 suite of of this work.
programs 85). The force field parameters were those of the  As an indication of the relative accuracy of the dimeriza-
Amber94 force field 87). For water, we used the TIP3P tion energy calculations, we notice that folding energi€s-
model. Electrostatic interactions were calculated with the (D) calculated for the very similar caspase dimers 3 and 7
Ewald particle mesh metho®@—63) with a mesh of 81x range betweer-30 and—50 kcal/mol (Table 1). Differences
72 x 75 points. A cubic interpolation between the points in the folding energies for specific members can originate
was used. Constant temperature and pressure conditions werom conformational changes induced by the binding of the
achieved by coupling the system to a Berendsen'’s thermostadifferent inhibitors, as well as from different crystallization
and barostatg4), with relaxation times of 2.0 and 3.0 ps, conditions. The former effect is clearly apparent in the
respectively. Bonds involving hydrogen atoms were con- folding energiesAGg(M) calculated for the isolated mono-
strained to their equilibrium bond length with the SHAKE mers.AGE(M) values of free caspase 7 or caspases bound
algorithm @5). The time step was 1.5 fs. to small covalent peptidomimetic inhibitors (1K86, 1PAU,
The caspase 3 dimer structure was relaxed with 700 stepsLCP3, and 1F1J) are much smallAGs(M) = —5 to 8 kcal/
of energy minimization. Subsequently, the system was mol) (Table 1) than those calculated for caspase 3 and 7
equilibrated for 150 ps at 300 K and 1 atm. Finally, 4.0 ns bound to the bulky inhibitor Xiap [1130, 1151, 1140, and
of MD simulation trajectory was collected for analysis. The 1KMC; AGK(M) = 16—20 kcal/mol] (Table 1). This result
structural model for monomer caspase 3 was built starting suggests that Xiap binding induces some destabilizing
from the structure of the caspase dimer obtained after 1.17conformational changes that are partially compensated by a
ns of MD simulation. For this purpose, one of the caspase 3 decrease in the dimerization free energyGE(D) ranging
subunits was removed. The system was then equilibrated atrom —50 to—60 kcal/mol in Xiap-bound caspases compared
300 K and 1 atm with 300 ps of NPT MD simulation. Finally, to —35 to —47 kcal/mol for other inhibitors] (Table 1).
3.5 ns was collected for analysis. Despite the changes in the absolute value of the dimerization
energy, the single-residue contributions to the dimerization
RESULTS AND DISCUSSION are surprisingly well conserved not only between the two
Dimerization and Folding Free EnergieRimerization and dimers of the same crystal structure or different crystal
folding free energiesAGr andAGgim, respectively21), were structures of the same caspase but very often also between
calculated for 15 different caspase structures (Table 1).crystal structures of different members of the caspase family
Where available, several different crystallographic data sets(Figure 2).
were considered for each member of the caspase family. In  There are a number of other noteworthy trends in the
particular, two structures were considered for caspase 1 [PDBfolding and dimerization energies of the caspase family.
entries 1BMQ 27) and 1IBC @8)] and caspase 8 [PDB  Caspase 1 appears to be characterized by the largest folding
entries 1QDU 83) and 1QTN 84)], three for caspase 3 [PDB  stability [AG:(D) = —61 kcal/mol as compared to a typical
entries 1PAU T7), 1CP3 8), and 1130 26)], and four for value of —30 to —43 kcal/mol calculated for the other
caspase 7 [PDB entries 1F2B), 1151 30), 1140 31), and members] (Table 1). This caspase features an extended dimer
1KMC (32)]. For caspase 9, only one structure is available interface characterized by a number of salt bridges that are
[PDB entry 1JXQ 11)]. Dimerization and folding energies not present in the other structures.
were also calculated for free caspase 7 [PDB entry 1K86 The dimerization energieAGg(D) calculated for caspase
(18)] and the two available structures of procaspase 7 [PDB 8 (—33 to —39 kcal/mol) are within the range calculated for
entries 1K88 18) and 1GQF 17)]. Comparison of the results ~ caspases 3, 7, and 9 (Table 1). However, for this enzyme,
obtained for different structures of identical members of the the folding of the isolated monomerdGe(M) = 14—-16
caspase family indicates that the calculations are robust withkcal/mol] appears to be less favorable than that of other
respect to small variations in the crystal structures induced caspases bound to peptidomimetic inhibitdk&f(M) = —4
by crystal packing or inhibitor binding. Total folding and to 8 kcal/mol) (Table 1). A possible rationale could be that
dimerization free energies vary at most by 10 arflkcal/ the binding of peptidomimetic inhibitors induces larger
mol, respectively. Most importantly, the relative accuracy rearrangements in the structure of free caspase 8 than in other
of the single-residue contributions is extremely high. The members of the family.
standard deviation that can be calculated for each residue Finally, the folding free energies calculated for procaspase
with respect to the average residue value is as small as 0.077 [AGe(D) = —33 to —40 kcal/mol] are in reasonable
kcal/mol (Table 1). agreement with the value o6f25.8 kcal/mol measured for
A number of factors can introduce possible sources of the very similar procaspase 86). It is worth noting that
errors in addition to variations in the crystallographic data. dimerization energies calculated for procaspase and free
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b SVDVKKNLTASDMTTEL EAFAHR PEHK T SDSTFLVFMSHGI ------EGICGKKHSEQVPDILQLNAI FNMLNTKNCP

3a EVRNKENDLTREE I VELMRDVSK - EDHSKRSSFVCVLLSHGEE ------- GITFGTN----- - GPVDLKK T TNFFRGDRCI

b EVENKNDLTREEIVELMRDVSK - EDHSKRSSFVCVLLSHGEE - - - - = - - GITFGTN=-==-= = = GPVDLKEKE I TNFFRGDRCR

C EVRNKNDLTREEIVELMRDVSK - EDHSKRSSFVCVLLSHGEE - -- - - - -GIIFGTN---- - - GPVDLEK 1 'I'NFFRGDRCI
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c QSLCAMLKQYA-DKLEF VNRKVATEFESFSFDATFHAKKQ IPCIV-SMLTKELYFY-----c-- -

7a QALCS I LEEHG-KDL EIMQI[ VNDRVAFHFESQSDDPHFHEKKQ I PCVV - SMLTKELYFS-- - - - - - - .

b QALCS 1 LEEJG-KDLEIMQILTIVNDRVARHFES QSDDPHFHEKKQ I PCVV - SMLTKELYF SQ- - - - - - - -

C QALCS | LEE]—[G-KDLEI [LTRVNDRVA FESQSDDPHFHEKKQ I PCVV - SMLTKELYFSQ- - - - - - - -

d QALCS I LEEHG-KDLEI THVNDRVARHFESQSDDPHFHEKKQ 1 PCVV - SMLTKELYFS -------- -

8a QSLCQS LRERCPRGDDI LTILTE VNYEVSN-KDDKKN - - - - - MGKQMPQPT - LVFP--vuu--- -

b QSLCQS LRERCPRGDDILTILTEVNYEVSN- KDDKKN ----- MGKQMPQPT— KLVFPSD----- - -

93 ETLDDI FEQWA - HSEDL.SLLLR \"A AVSV-KG---=nnn-- QMPGCF - KLFFKTS - - -
Freea QALCS I LEEHG- KDLEIMQIL RVARHFESQSDDPHFHEK Q1PCVV- SMLTK'LYFSQ

Proa QALCSI LEEHG-KDLEIMQIL RVARHFIS QSDDPHFHEKKQTPCVV - SMLTKELYFSQLEHHHHHH

b oaLcs 1 LEEHG-KDLEIMQ[L RVARHFESQSDDPHFHEKKQ I PCVV - SMLTKELYF §Q- - - - - - - -

m'mw
H5 H6 L6 S T4

Ficure 2: Single-residue contributions to the dimerization energy. Each residue in the picture is colored according to its contribution to
the dimerization free energRl): blue for greater than 0.5 kcal/mol, white for 0.5-t®.3 kcal/mol, pink for—0.3 to —0.7 kcal/mol, and

red for less than-0.7 kcal/mol. Only one subunit for each of the 15 structures that were studied is presented for the sake of clarity as the
other subunits exhibit very similar patterns: (1a) 1IBC, (1b) 1BMQ, (3a) 1CP3, (3b) 1130, (3c) 1PAU, (7a) 1F1J, (7b) 1151, (7c) 1140,
(7d) 1KMC, (8a) 1QDU, (8b) 1QTN, (9a) 1JXQ, (Free a) 1K86, (Pro a) 1K88, and (Pro b) 1GQF. At the bottom of the graph, the tertiary
structure of caspase 1 is indicated as reference; the coloring and labeling of the secondary structural motifs follow the scheme of Figure 1.
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caspase 7 are smaller than those calculated for the active Caspase-1

enzymes AGgim of —35 to—40 kcal/mol compared to values Pro291  Val Trp Lys
of —47 to —60 kcal/mol for active caspase 7). | e I c

The calculated folding energies indicate that in all cases, G'vl ! ,‘:VL i :phe: .A!s.ngg
separation of the dimer subunits produces marginally unstable i v e ;i_’ ! :'_‘.,-:-‘-'"
isolated monomersAGK(M) ranges from—5 to 20 kcal/ g II(ln HaH *‘:Aia.‘- :L)‘s':' Aia;:l
mol] (Table 1). This observation suggests that the actual 1 SEN I E— N
structure of the isolated monomers might be somehow  Glu324 - His . Lys lle
different with respect to the active conformation observed — Arg391 "=
in the dimer. Thus, dimerization provides a substantial I
contribution to the stabilization of the dimer conformation. Caspase-3 Arg271
These findings are consistent with the experimental evidence Qs Glu298
that dimerization is a folding event that substantially AI 9 L c
contributes to the conformational stability of procaspase 3 ‘f pZ‘ _‘_(,".!Y"{['f.;-‘
(66). VR T e Hisato

Single-Residue Decomposition of the Dimerization Energy. R IS 1 N
To identify possible hot spots for dimerization, th&g(D) G'|u324 § plro . ,_:,S
values were decomposed in terms of single-residue contribu- A 2'é!6f~°i259 *teaes® Glu3s1
tions (Figure 2). A first surprising result coming from this rgi 1
calculation is that all caspases show very similar patterns. It Caspase-7 /
turns out that in all the inhibitor-bound caspase structures Asp Y5384 G006
more than 90% of the total contributions to the dimerization 1 — L.
free energy originate from only three contact regions, namely, Asp292 Gly,1 lle 1.+
S8, H6, and T2 T3. The first corresponds to the residues PR, Lo
in the core of the interface that form a buried antiparallel ¥ Viﬂ\" E “lc:"
p-sheet that connects the two p10 chains of each monomer. T | TN
The second region corresponds to the contact between the ~ Glu324 . Fro . Lys320 o1
two long H6a-helices of the p10 subunit. The third region Arg2eb] [
encompasses five to nine of the C-terminal residues of the
p20 chain of one monomer (T2) and four to eight N-terminal Caspase-8 /
residues of the p10 chain of the other (T3) (Figure 1b). '-|V-‘= Vla' val Lys153
Remarkably, this region contributes -380% to the total | - L ' T—C
dimerization energy in all the active caspases. The T2 and {79 & Cluplie y-Froy Glu A AS‘%@?_U .
T3 tails are connected by a dense hydrogen bond network. — § R Sy | & 199
They are also anchored to the protein surface and the & Agh N A

2 L T I
selectivity loop of the nearby active site by a number of salt Glu24 ., Pro .

bridges and/or hydrophobic interactions (Figure 3). The eenast

corresponding sequences are poorly conserved among dif- Caspase-9

ferent caspase$7) with the exception of position 322 where His Glu

either a proline or a histidine is found throughout and position I t_- T l 1—C
295 that is always occupied by a bulky hydrophobic residue.  Asp292  Glyipha.- 1Val297
In caspases 1, 4, 5, and 13 where His is present in position . i P
322, a Trp is found at position 295, whereas in other N R i e
caspases, either lle, Phe, or Val is present. The two conservec | | 1 N

residues (295 and 322) provide major contributions to the =, 7ro24 - Fro . Ser

dimerization free energy. His322, for instance, is the FIGL;I;.EI.S' Int-(;;;:tion of the p20 C-terminus with the p10
energetically most important residue for the dimerization free N-terminus. Hydrogen bonds areprepresented by blue dasheg lines:

energy in caspase 1, a result that correlates well with the hydrophobic interactions are represented by green dashed lines, and
experimental finding that mutations in this position com- salt bridges are represented by blue and red dashed lines. Hydro-

pletely suppress caspase 1 activibg)( phobic pockets are depicted as green semicircles. Residues are
Residue 295 is buried in a hydrophobic pocket strongly colored red (negatively charged), blue (positively charged), and

. . : L7 . . green (neutral). Despite the differences in sequence among various
interacting with the hydrophobic side chains of residues 321 ¢55paqes " the hydrophobic interactions between the C- and N-

and 323 (Figure 3) and, to a lesser extent, residues 274 anderminus appear to be conserved in all the caspases whose structures
275. In the case of caspase 1, the C-terminal conformationhave been determined.

is slightly different and Val321 is buried in the same cavity.

Indeed, in all caspases where Trp is found in position 322, the presence of a number of salt bridges. Two of the involved
Val or Leu is found in position 321, thus supporting the idea residues (Glu390 and Arg391) were mutated to Arg and Glu,
that either one of the two binding modes is conserved respectively {4). As expected, the R391E mutant was not
throughout. able to dimerize, but unexpectedly, the E390R mutant

Our calculations can also offer a first rationale for some exhibited wild-type behaviorl@). Our calculations clearly

surprising results from mutation experiments on caspase 1.demonstrate that the salt bridge formed by Arg391 with
The dimer interface of active caspase 1 is characterized byGlu324 is energetically more importamAGg(D)zg1 = —2
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structures for the monomers were taken from the crystal
structure of the dimer enzymes and their geometries were
optimized locally within a molecular mechanics approach.
Within this approximation, it turns out that in tt,eonomer

~8 kcal/mol is required to change the conformation of the
active site loops from the free to the active form, whereas
the corresponding forms of tlitmersare almost isoenergetic
(Scheme 1). This further confirms that the structural stability
of the active form is strongly correlated with dimerization.
In particular, our calculations predict that dimerization
stabilizes the active fold with respect to the free caspase.
Analogous findings emerge from an analysis of the dynami-
cal properties of the active site loops obtained from MD
simulations of the highly homologous caspase 3. Three
Ficure 4: Flexibility of the active site loops in monomer and dimer  nanoseconds of NTP molecular dynamics simulations was

caspase 3. Comparison of the root-mean-square deviation (angperformed on monomer and dimer free caspase 3. During
stroms) calculated for the selectivity loop (L8 in Figure 1, residues the time scale that was investioated. the overall tertiar

380—-385) as a function of time (picoseconds) during the MD : e ; g ' Yy
simulation of the caspase 3 monomer (blue) and dimer (red andStructure is maintained in both simulations. However, the

green). monomer appears to be more flexible than the dimer, as
indicated by the larger average rmsd with respect to the
starting structure (1.5 and 0.9 A for monomer and dimer
simulation, respectively). The conformation of loop L6 in
26 keatmol 16 Kealimol the two MD simulations is of particular interest. This loop
2x —> 2x —> 2x is part of the active site and is crucial for substrate
recognition. Figure 3 shows the rmsd calculated for the
backbone atoms of L6 during the MD simulations of the
l-37 kealimol l -52 kealimol

0 750 1500 2250 3000
time (ps)

Scheme 1

-34 wcalimol monomer and dimer. In the simulation of the monomer, the

L6 loop exhibits large fluctuations and deviates from the
active enzyme structure by as much as 1.2 A, compared to
'29_”1“" Oﬂ“" 0.5-0.6 A'in the case of the dimer. We conclude that both
the folding free energy calculations and the MD simulations
indicate that the active site loop conformation is less stable
Procaspase Free caspase Active caspase in the monomer than in the dimer. As a consequence,
substrate binding is predicted to be energetically more
kcal/mol] for the dimerization free energy than the one favorable in the dimeric form. This observation provides a
formed by Glu390 AGK(D)3g0 = —0.3 kcal/mol]. possible rationale for the requirement of dimerization for
A residue decomposition of the dimerization free energy caspase activity.
also enables an energetic analysis of the effects of the In the case of dimeric procaspase 7, folding to the active
conformational changes that have been observed uponconformation appears to be energetically favorable although
activation. In free caspase 7, the T3 N-terminus is folded prevented by geometric constraints imposed by the linker
inside the intersubunit groove and is not in contact with the (17, 18). Removal of this constraint by proteolytic cleavage
T2 C-terminus 18). In the corresponding procaspase, the of the linker is thus expected to be followed by a refolding
formation of this contact is prevented by the presence of the of the active site loops toward the free and active conforma-
linker connecting the p10 and p20 subunits. As a conse-tions. Refolding of monomer procaspase 7 to the free form
quence, the residues from the T3 N-terminus still give some is also energetically favorable. A simple molecular modeling
contribution to the dimerization energy (Figure 2), while approach indicates that, in the monomer, the linker is long
residues from T3 are mostly disordered and do not contributeenough to be reconnected without inducing strain in the
significantly. This missing interaction mostly accounts for structure. In summary, these observations suggest that the
the difference between the dimerization energies calculatedfolding of the active site loops in monomeric procaspase 7
for active caspase 7, free caspase 7, and procaspase 7. and free caspase 7 should be similar. Some support to this
Relative Folding Stability of the Monomer and Dimer in  hypothesis is provided from the calculated folding free
Procaspase and Free and Aati Caspase 7Crystal struc- energies. The estimatedsg(D) for the formation of dimeric
tures of free caspase 7 and procaspase 7 reveal that, althougprocaspase 7 from two free caspase 7-like monomers
the overall folding is very similar, the active site loops display (approximately—8 kcal/mol, Scheme 1) is comparable to
a different conformation with respect to the structures of the value of—10.5 kcal/mol associated with dimerization
active caspase 7. This indicates that substantial conforma-for the very similar procaspase 86).
tional changes in the active site loops are required for the The relative folding free energies calculated for the active
binding of substrates or inhibitors. We have calculated the caspase 7 monomer and dimer strongly suggest that the
free energy required for this conformational change in the stability of the active site folding is correlated with dimer-
cases of dimer and monomer caspase 7, in the pro, free, andzation. To identify the specific residues, which are most
active forms (Scheme 1). A crystal structure of a monomeric relevant for linking dimerization with active site stability,
caspase has not been resolved yet. For this reason, the startinge have subtracted the folding free energies calculated for
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160 170 180 190 200 210 220 230
a YOYNMNFEKLGKCI I INNKNFDKVTGMGVRNGTDKDAEALFKCFRSLGFDVIVYNDCSCAKMODL LKKAS EEDHTNAACF
b YOYNMNFEKLGKCI I INNKNFDKVTGMGVRNGTDKDAEALFKCFRSLGFDVIVYNDCS CAKMQODL LKKAS EEDHTNAACF
aYOYNMNFEKLGKCI I INNKNFDKVTGMGVRNGTDKDAEALFKCFRSLGFDVIVYNDCSCAKMODL LKKAS EEDHTNAACF
b YOYNMNFEKLGKCI I INNKNFDKVTGMGVRNGTDKDAEALFKCFRSLGFDV IVYNDCSCAKMQDL LKKA S EEDHTNAACF

W

Pro-7

Free-7

S2

260 270 280 290 320 330 340
L TAHFRGARCKTLLEKPKLFFIQAARGTELDD I VIADFL FAYS TVﬂYSW

LTAHFRGARCKTLLEKPKLFFIQAARGTELDD IBVEADFLFAYSTV, Ysw

L1 S1 L2 H2 H3

240
Pro-7 a ACILLSHGEENVIYGKDGVTPI
ro- b ACILLSHGEENVIYGKDGVTPI

F 72 ACILLSHGEENVIYGKDGVTPIRDLTAHFRGARCKTLLEKPKLFFIQACRGTELDD DFLFAYSTVPGYYSW
T€€-I' b 4C/LLSHGEENVIYGKDGVTPI L TAHFRGARCKTLLEKPKLFFIQACRGTELRD IBVEADFLFAYSTVP@YYSW
. Bt

S3 S4° L3 S H4 L4 S6 T2 T3 S7 L5

380 390 400
FESQSDDPHFHEKKQ1PCVVSMLTKELYFSQ
FBSQSDDPHFHEKROT PCVVSMLTKELY FSR
1FESQSDDPHFHEKKQ 1 PCVVSMLTKELYFSQ
ESQSDDPRFHEKRQ I PCVVSMLTKELYFSQ

350 360 370

a RSPGRGSWFVQALCS ILEEHGKDLE IMQILTRVNDRVA

Pro-7 | rSPGRGSWFVQALCS 1L EEHGKDLEIMQILTRVNDRV A
Free-7 & RSPGRGSWFVOALCS ILEEHGKDLEIMQILTRVNDRV A
e€-1" b RSPGRGSWFVQALCS 1L EBHGKILE IMOIL TRV NBRV A

H5 H6 L6 S8 T4

Ficure 5: Single-residue contributions to the folding stability in the caspase 7 dimer compared to the caspase 7 monomer. The difference
in the folding free energies between monomer and dimer forms of active caspase 7 is plotted for each residue. Coloring of residues and
secondary structural motifs follows the scheme of Figure 2. (Pro-7) Folding of active caspase 7 from procaspase 7: (@) first subunit and
(b) second subunit. (Free-7) Folding of active caspase 7 from free caspase 7: (a) first subunit and (b) second subunit.

monomer caspase 7 from the corresponding values of the A consistent picture emerges from this study linking
dimer. If dimerization and folding are two unrelated events, dimerization and enzymatic activity. Dimerization is a folding
the difference between the two quantities (as well as its €vent that is important for stabilizing the conformation of
single-residue decomposition) is zero. Scheme 1 shows thathe active site loops. In particular, interaction of the T2
the difference between the two free energies 6.5 kcal/ ~ C-terminus of one monomer with the T3 N-terminus of the
mol for the folding of active caspase 7 from its free form other is cru0|al_ bo_th for the _struct_ural stability of the_dlmer
and —18.5 kcal/mol with respect to the proenzyme. The and for establishing an active site loop conformation ap-

inal i tributi to the diff ted i propriate for the binding of substrates. Our calculations
single-residue contributions to the difference are reported in provide further confirmation of the activation mechanism

Figurg 5'and show tha}t the residue; thgt contripute to theproposed on the basis of the X-ray diffraction daitg, (L8).
stabilization of the active conformation in the dimer with Moreover, they also allow identification of the specific

respect to the monomer are very much the same independeninolecular interactions which are most important for dimer-
of whether active caspase 7 is folded starting from procaspasézation and active site stability, namely, the interaction of
7 or it is folded from free caspase 7. Three hot spots appearresidue 322 with active site loop L6 and the interaction of

to be particularly relevant in this respect: Lys259, Arg379,
and the T2-T3 contact region. Lys259 forms a salt bridge
with Glu324 that is part of the T3 terminus (Figure 3), and
Arg379 is involved in an intersubunit salt bridge with
Glu275. However, most of the contributions to the folding
free energy of the active site loops through dimerization
originate from residues located in the-+23 contact region,
namely, Asp292, 1le295, Lys320, 1le321, and Pro322.

residues 294 and 295 with the hydrophobic pocket formed
by residues 321 and 323. The hydrophobic and electrostatic
interactions that stabilize the conformations of the T3
N-terminus and the T2 C-terminus in the active caspase
define a conserved binding pocket located in the intersubunit
groove. This binding pocket could potentially be exploited
as a new target for molecules that stabilize or destabilize
the active conformation of active site loops L5 and L6. The
spatial arrangement and physical nature of the-T2

Asp292, located in the T2 segment, is connected to thejnteractions differ in the various caspases; thus, it might be
backbone of T3 by a network of hydrogen bonds (Figure possible to design molecules that are selective for specific
3); 11e295 and lle323, located in T2 and T3, respectively, members of the family.
form a hydrophobic pocket (Figure 3). This interaction
appears to be of particular interest as it is conserved in all SUPPORTING INFORMATION AVAILABLE
caspase structures. The charged side chain of Lys320 forms Comparison of different methods for calculating the free
hydrogen bonds with the backbone of Glu382 and Asp293. energy of association. This material is available free of charge
Finally, Pro322 is folded in a hydrophobic pocket formed Via the Internet at http://pubs.acs.org.
by active site loop L6 (the so-callesgtlectiity loop) residues
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