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The analysis reported here describes detailed structural

studies of endothiapepsin (the aspartic proteinase from

Endothia parasitica), with and without bound inhibitors, and

human pepsin 3b. Comparison of multiple crystal structures of

members of the aspartic proteinase family has revealed small

but significant differences in domain orientation in different

crystal forms. In this paper, it is shown that these differences

in domain orientation do not necessarily correlate with the

presence or absence of bound inhibitors, but appear to stem

at least partly from crystal contacts mediated by sulfate ions.

However, since the same inherent flexibility of the structure

is observed for other enzymes in this family such as human

pepsin, the native structure of which is also reported here, the

observed domain movements may well have implications for

the mechanism of catalysis.
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1. Introduction

Aspartic proteinases are ubiquitous in nature owing to their

roles in numerous biological processes and have important

commercial applications (Cooper, 2002; Dunn, 2002). They

occur in retroviruses and fungi as well as in the entire plant

and animal kingdoms. The digestive stomach enzymes of

mammals include the aspartic proteinases pepsin and

gastricsin as well as chymosin, which is found in many suckling

mammals. The lysosomal enzymes cathepsin D and E also

belong to this family. In addition, there is the plasma aspartic

proteinase renin which is synthesized mainly by the kidneys

and submaxillary glands and has a key role in regulating blood

pressure. Fungal aspartic proteinases, such as endothiapepsin

and mucorpepsin, are secreted and have an extracellular

digestive function. In addition, enzymes of this family are

found abundantly in the seeds, leaves and flowers of various

plant species.

Aspartic proteinases are associated with numerous patho-

logical processes including hypertension (renin), gastric ulcer

disease (pepsin), muscular dystrophy and neoplastic diseases

(cathepsins D and E), human immunodeficiency virus (HIV),

tissue invasion and virulence of fungal pathogens (e.g. Candida

albicans) and the avid digestion of haemoglobin by the

malarial parasite (plasmepsins) (Cooper, 2010). Calf chymosin

is specific for its substrate �-casein, which is cleaved at the

Phe105–Met106 bond and has low general proteolytic activity

(Kumar et al., 2010). In addition to chymosin, various micro-

bial and plant aspartic proteinases have been used in milk

coagulation by the cheese-production industry. The plant

aspartic proteinases, such as those from barley and the flowers

of Cynara, show the greatest sequence and structural similarity

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=yt5038&bbid=BB55
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to the lysosomal enzymes cathepsin D and saccharopepsin

from the yeast vacuole (Frazão et al., 1999).

Aspartic proteinases are a structurally homologous family

of proteolytic enzymes that are generally most active under

acidic conditions (Cooper, 2002; Dunn, 2002). They differ

distinctly from the other major proteolytic enzymes, the serine

proteases, cysteine proteases and metalloproteinases, by

having two catalytically essential aspartic acid residues. The

aspartates are in highly conserved Asp-Thr-Gly sequences

and are found at positions 32 and 215 in the traditional family

archetype porcine pepsin (Pearl & Blundell, 1984). Typically,

enzymes in this class consist of a single polypeptide chain with

a molecular weight of between 35 000 and 50 000 Da and an

amino-acid sequence of between 320 and 440 residues in

length. The retroviral proteinases have molecular weights of

less than half of those of the eukaryotic enzymes and are

catalytically active as dimers (Lapatto et al., 1989; Wlodawer et

al., 1989).

Mammalian aspartic proteinases are synthesized as zymo-

gens with an N-terminal pro-region and are subsequently

activated to give functional mature enzymes. Structural and

other studies of porcine pepsinogen have indicated the

mechanism of activation (James & Sielecki, 1986). The

precursor region inhibits the catalytic activity by virtue of

a conserved lysine and two tyrosine side chains that form

hydrogen bonds to the active-site aspartic acids. Upon secre-

tion of the proenzyme into the acidic lumen of the stomach,

protonation of the active-site carboxylates leads to a weak-

ening of their interactions with the lysine of the pro-region.

The resulting pH-induced conformational change is followed

by limited proteolysis to yield the mature enzyme.

The active-site aspartates of enzymes in this family are

located close to each other in the three-dimensional structure

and are involved in hydrogen bonding to adjacent residues

stabilizing the catalytic centre (Pearl & Blundell, 1984; Davies,

2000). The aspartic proteinase fold consists predominantly of

�-sheet and has a bilobal structure with an extended binding

cleft that accommodates 9–10 residues of the polypeptide

substrate. The active-site cleft lies between the two domains of

the molecule that are formed by the N- and C-terminal halves

of the polypeptide. These two domains are very similar in

topology and are related by a local twofold axis of pseudo-

symmetry. The sequences related by this inter-domain dyad

are most strongly conserved in the residue ranges 30–42 and

213–225, which include the two highly conserved Asp-Thr-Gly

motifs. The active site is also covered by a �-hairpin ‘flap’

(residues 74–77) in the N-terminal lobe. The N-terminal

domains are more conserved than the C-terminal domains,

in which larger differences can occur in the loop regions of

family members.

Endothiapepsin, which is produced by the fungus Endothia

parasitica, was first isolated and crystallized by Sardinas (1968)

and has been obtained in a number of different crystal forms

with and without bound inhibitors (Tables 1 and 2). Moews &

Bunn (1970) first reported three crystal forms (types I–III)

grown at various pH values in the presence of various organic

solvents with 2.2 M ammonium sulfate as the precipitant. Type

I crystals grew at pH values between 4.5 and 6.3 when a small

quantity of acetone (0.25–1.00%) was added. Crystals with the

type I unit cell were used to solve the native endothiapepsin

structure at 2.1 Å resolution (Blundell et al., 1990). Whilst two

further crystal forms, types II and III, were originally reported

by Sardinas (1968), an additional form was reported more

recently by Šali et al. (1989). Crystals of type IV appeared in

the same crystallization conditions as type I and diffracted

to appreciably higher resolution, although they usually took

longer to grow, sometimes appearing in mother liquor which

had previously yielded type I crystals. Type IV crystals were

almost exclusively only obtained in the presence of active-site-

directed inhibitors. The two crystal forms most suitable for

X-ray analysis (types I and IV) both belong to space group P21

and have the following unit-cell parameters: type I, a = 54,

b = 74, c = 46 Å, � = 110�; type IV, a = 43, b = 76, c = 43 Å,

� = 97�.

High-resolution analyses of inhibitor complexes have shown

that type I and type IV crystals of endothiapepsin have slightly

different subdomain orientations. Comparison of the two

forms showed that their conformational differences could be

best described as a rigid-body rotation of residues in the range

190–302 with respect to the rest of the protein (Šali et al., 1989,

1992).

Endothiapepsin has been used extensively to analyse the

binding of numerous inhibitors that were designed to be

specific for human renin as therapeutic antihypertensives

(Bailey & Cooper, 1994). More recently, it has been subjected
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Table 1
Unit-cell parameters for the different crystal forms of endothiapepsin.

Types I–III were originally reported by Moews & Bunn (1970), but only the
unit-cell parameters of types I and II were determined rigorously.

Unit cell a (Å) b (Å) c (Å) � (�)
Unit-cell
volume (Å3)

Space
group

Native
Type I 54 74 46 110 170000 P21

Type II 56 60 46 101 150000 P21

Type III† 75 85 50 — — —
Type IV 43 76 43 97 139000 P21

Complexed
Type I 54 74 46 110 170000 P21

Type IV 43 76 43 97 139000 P21

† Unit-cell parameters were not rigorously determined.

Table 2
Crystallization conditions for different crystal forms of endothiapepsin.

Unit cell pH Buffer Solvent Reference

Native
Type I 4.5–6.3 0.1 M NaOAc

or NaH2PO4

0.25–1.00%(w/w)
acetone

Moews & Bunn (1970)

Type II 4.5 0.1 M NaOAc
or NaH2PO4

0.2% DMF Moews & Bunn (1970)

Type III 4.5–6.3 0.1 M NaOAc
or NaH2PO4

<0.1% acetone Moews & Bunn (1970)

Type IV 4.5 0.1 M NaOAc Acetone This work
Complexed

Type I 4.5 0.1 M NaOAc Acetone Foundling et al. (1987)
Type IV 4.5 0.1 M NaOAc Acetone Šali et al. (1989)



to neutron diffraction and NMR studies, which have shed

much light on the catalytic mechanism (reviewed in Coates

et al., 2006), and it continues to be used as a model system

for fragment-based drug screening (Geschwindner et al., 2007;

Koster et al., 2011). In this paper, we report a number of

previously unpublished inhibitor complexes of endothia-

pepsin. The following inhibitors were successfully cocrys-

tallized with the enzyme: DB2, DB5, DB6, EMD56133,

EMD59601 and EMD61395 (formulae are shown in Fig. 1).

We also report the structure of uncomplexed endothiapepsin

in the type IV unit cell at high resolution. These crystals were

formed in the presence of two inhibitors

(DB3 and PD134685) which did not

appear in the final electron-density map.

No structural data for truly uncom-

plexed type IV crystals have been

available until now. This work

has allowed comparison of the crystal

packing and rigid-body movements in

the two crystal forms of endothiapepsin

without a bound inhibitor. Type IV

crystals are stabilized by the presence

of three sulfate ions at points of inter-

molecular contact and the unit cell is

significantly smaller in volume and thus

in solvent content. We demonstrate that

the presence of these three sulfate ions

appears to be essential for the type IV

crystals, as they appear not only in the

newly reported native structures but

also in all inhibitor complexes of this

type, and never in type I crystals. We

also present the X-ray crystal structure

of human pepsin 3b in its native state

and demonstrate that a similar rigid-

body movement occurs in this enzyme.

2. Methods

2.1. Crystallization

A number of reduced-bond inhibitors

prefixed DB (see Fig. 1) with sequences

designed to match the known cleavage

sites of chymosin and mucorpepsin in

the insulin B-chain were synthesized

using standard solid-phase Boc methods

(details provided as Supplementary

Material1). A second series of inhibitors

prefixed EMD (Fig. 1) that were

designed for activity against human

renin were also studied. These have an

N-terminal group similar to morpholine

at P4, a cyclohexylstatine group span-

ning P1–P10 and various C-terminal

heteroaromatic groups. One of them,

EMD56133, possesses a group at P2

which is similar to glycine but has an extra aliphatic backbone

carbon, while the other two (EMD59601 and EMD61395)

possess S-methylcysteine residues at this position.

For growth of the endothiapepsin inhibitor-complex crys-

tals, a modification of the method of Moews & Bunn (1970)

was used. Freeze-dried enzyme and inhibitor were mixed in

0.1 M acetate buffer pH 4.5 to give a tenfold molar excess of

inhibitor over enzyme; the final enzyme concentration was
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Figure 1
Chemical formulae of the inhibitors. All chiral centres are of S configuration.

1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: YT5038). Services for accessing this material are described at the
back of the journal.



2 mg ml�1. In cases where the inhibitor was poorly soluble, it

was stirred together with the enzyme overnight. Finely

powdered ammonium sulfate was then added to give a 2.2 M

(55% saturated) solution, which was then Millipore-filtered.

Any remaining turbidity was removed by the addition of a few

drops of acetone. Each crystallization batch consisted of

approximately 2 ml of the above solution that was sealed in a

glass bijou bottle. Crystals of the complexes were obtained

within a few weeks or months and were stable almost indefi-

nitely in the mother liquor.

Crystals of human pepsin 3b purified from gastric juice

(Jones et al., 1993) were grown by vapour diffusion from a

16–30 mg ml�1 protein solution in 30% saturated ammonium

sulfate buffered with 200 mM formate pH 5.2.

2.2. Structure analysis of type IV endothiapepsin crystals

X-ray data from the crystals of endothiapepsin grown in the

presence of various inhibitors were collected using in-house

rotating-anode sources and were processed using the software

described in Table 3, in which the corresponding detectors that

were used are also indicated. The coordinates of the enzyme

moiety in the type IV crystal form were used with the above

data for the calculation of �A-weighted difference Fourier

maps (Read, 1986). Following interpretation of the resulting

electron density, the model of the enzyme, inhibitor, solvent

structure and bound sulfates was refined by stereochemically

restrained least squares using RESTRAIN (Haneef et al.,

1985) or SHELX (Sheldrick, 2008).

2.3. Structure analysis of human pepsin

Crystals of human pepsin 3b were mounted in glass capil-

laries and synchroton data were then collected on Daresbury

SRS beamline 9.5 using a MAR Research image plate with

the crystal cooled to a temperature of 277 K. The data were

processed using DENZO (Otwinowski & Minor, 1997) to a

resolution of 2.6 Å, which showed that the crystal belonged

to space group P212121, with unit-cell parameters a = 50.9,

b = 75.3, c = 87.0 Å. The structure was determined by mole-

cular replacement using porcine pepsin as the search model

with the programs AMoRe (Navaza, 1994) and TFFC

(Driessen et al., 1991). The structure was then refined using

X-PLOR (Brünger et al., 1998), RESTRAIN (Haneef et al.,

1985) and, more recently, REFMAC (Murshudov et al., 2011).

2.4. Inhibition kinetics

Kinetic studies of the DB inhibitor series were carried out

using the chromogenic substrate KPLEFFNO2RL, which has

�max = 279 nm and "279 = 10 000 M�1 cm�1, thereby allowing

the initial substrate concentration to be determined at this

wavelength. Peptide-hydrolysis rates were monitored on a

Lambda 2 Perkin Elmer double-beam UV–Vis spectro-

photometer. A bathochromic shift occurs on hydrolysis of

the above substrate, allowing the reaction to be followed at a
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Table 3
Crystallographic data-collection and refinement statistics.

Note that the r.m.s.d.s for bond angles are actually the corresponding 1–3 atom distance deviations except where indicated with an asterisk. Dashes indicate
parameters that are either not applicable or relate to legacy structures for which the reflection data or specific data-processing statistics are no longer available.
Where possible, statistics for the outer resolution shell are given in parentheses and the Cruickshank diffraction precision index (DPI; Cruickshank, 1996) is given.

PD134685 DB2 DB3 DB5 DB6 EMD56133 EMD59601 EMD61395 Pepsin 3b

Space group P21 P21 P21 P21 P21 P21 P21 P21 P212121

Type IV I IV IV IV I I I —
Unit-cell parameters

a (Å) 43.2 53.8 43.1 43.0 43.1 54.2 53.9 53.5 50.9
b (Å) 75.7 74.5 75.7 75.6 76.0 74.7 74.1 73.8 75.3
c (Å) 42.9 46.0 42.9 42.8 42.9 46.2 45.8 45.3 87.1
� (�) 97.1 109.8 97.0 97.0 97.0 109.5 110.1 110.1 90

Data collection
Source Rotating

anode
Rotating

anode
Rotating

anode
Sealed tube Rotating

anode
Rotating

anode
Rotating

anode
Rotating

anode
SRS 9.5

Detector FAST MAR IP FAST CAD-4 MAR IP MAR IP MAR IP MAR IP MAR IP
Processing MADNES MOSFLM MADNES CADRAL MOSFLM MOSFLM MOSFLM MOSFLM DENZO
Resolution (Å) 2.0 2.05 1.9 2.1 2.0 2.05 1.9 2.05 2.6
Unique reflections 18487 21510 19248 10301 17271 21735 26434 20712 10426
Completeness (%) 92.4 98.9 (94.3) 90.7 60.0† 92.8 (61.7) 93.1 (90.5) 97.3 (85.5) 94.8 (89.2) 96.7 (82.0)
Multiplicity 3.0 3.8 (3.7) 4.3 — 3.3 (2.7) 4.0 (4.0) 3.7 (3.5) 3.8 (3.7) 4.2 (2.4)
Rmerge (%) 6.6 12.3 (46.1) 4.6 15.0 12.7 (41.9) 10.2 (32.9) 9.2 (26.3) 12.5 (37.9) 3.3 (12.4)

Refinement
R factor (%) 18.9 18.2 14.9 14.9 14.7 18.6 17.6 19.1 13.0
Rfree (%) — 23.7 21.3 25.3 23.7 22.1 20.0 23.4 20.0
R.m.s.d. bonds (Å) 0.025 0.003 0.006 0.008 0.006 0.003 0.003 0.003 0.015
R.m.s.d. angles (Å) 0.049 0.009 0.021 0.022 0.051 0.010 0.010 0.010 1.8*
DPI (Å) — 0.18 0.18 — 0.20 0.20 0.13 0.21 0.26

PDB code ‡ 1e5o 3uri 3urj 3url 1e80 1e82 1e81 3utl

† The low completeness of the DB5 data set is a consequence of radiation damage during the long data collection using a single-counter diffractometer, which required the use of two
crystals. Accordingly, the DPI could not be determined for this structure. However, the electron density was of satisfactory quality, perhaps because the data to medium resolution
(�3 Å) are substantially complete. ‡ This structure is equivalent to that obtained with DB3 (i.e. type IV native endothiapepsin) and therefore has not been deposited as a separate
entry in the PDB.



wavelength of 300 nm. The enzyme and substrate concentra-

tions were 100 pM and 40 mM, respectively, and the

temperature was maintained at 310 � 0.2 K. The EMD

inhibitor series was studied with the same substrate at the

same concentration using an Applied Photophysics Bio

Sequential SX.17MV stopped-flow reaction analyser and an

enzyme concentration of 10 nM. The pH of each assay was

maintained at 4.6 using 0.1 M sodium acetate buffer with

0.1 M NaCl and all solutions were passed through a filter of

0.22 mm pore size.

2.5. Structural validation and comparison

The quality of each protein structure has been assessed

using the program PROCHECK (Laskowski et al., 1993).

Since we report for the first time a number of legacy structures

which were solved around 20 years prior to publication,

reflection data are available for most, but not all, coordinate

sets. However, all contemporary refinement statistics are

satisfactory which, together with the fact that these structures

all belong to a closely related and well studied family, suggests

that there is no cause for concern as to their validity. Wherever

possible, the coordinates of structures reported in this paper

and reflection data have been submitted to the Protein Data

Bank (http://www.wwpdb.org), and the corresponding acces-

sion codes are shown in Table 3.

Pairwise superposition of protein molecules and rigid-body

domains was performed using DynDom (Poornam et al.,

2009). Intermolecular contacts were identified by the program

CONTACTS (Winn et al., 2011) using a cutoff distance of

4.0 Å.

The Biso isotropic displacement parameters in all type I and

type IV structures were scaled to those of the 1.9 Å resolution

native type IV structure to provide a convenient means of

comparison. The scaling was based on the average Biso value

of each structure and was intended to correct empirically for

systematic differences and for the fact that in some of the

structures Uiso values were refined instead of Biso values

(where Biso = 8�2Uiso). Overall, these scaled and residue-

averaged Biso values (Bave,j) enabled qualitative comparison of

the disorder in regions with and without lattice contacts.

3. Results and discussion

3.1. Quality of structures

The stereochemical quality analysis program PROCHECK

(Laskowski et al., 1993) showed that all structures reported in

this work score satisfactorily for their respective resolutions.

The �1 side-chain angles show the familiar grouping into

the three energetically favourable conformations, with ideal

angles of �60� or 180� (Janin et al., 1978). Interestingly,

endothiapepsin has a large number of serine (49/330) and

threonine (47/330) residues and this leads to the least

favourable �1 conformation (g�) being the second most

populated of the three. Indeed, atomic resolution analyses of

native and inhibitor-bound endothiapepsin established that

many of these side chains exhibit dual and in some cases triple

conformations (Coates et al., 2002, 2006; Erskine et al., 2003).

Essentially full-length electron density was visible for the

three EMD compounds analysed as well as for DB5 and DB6.

All of the bound inhibitors were observed to adopt extended

�-strand conformations in the active-site cleft and to form a

common set of hydrogen bonds which have been described in

detail elsewhere (see, for example, Bailey & Cooper, 1994).

However, the maps for endothiapepsin cocrystallized with

PD134685 and DB3 did not reveal any electron density for the

inhibitor moiety. Intriguingly, both of these inhibitors gave

type IV crystals, which generally only form when an inhibitor

is bound. The absence of bound inhibitor with PD134685 was

probably a result of the low solubility of the inhibitor (5–

10 mg ml�1) in the crystallization liquor. However, the other

inhibitor, DB3, was very soluble, suggesting that other factors

precluded its analysis.
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Figure 2
The refined electron density for the bound inhibitors drawn with a contour level of 1.0�(�).



3.2. Inhibitor conformation, stability and kinetics

The intriguing absence of electron density for DB3 in the

structure might arise from either weak binding to the enzyme

or degradation of the inhibitor during cocrystallization. To test

these possibilities, HPLC was used to analyse samples taken

from the mother liquor and these were compared with samples

of the inhibitor DB3 alone, of the enzyme alone and of fresh

enzyme–inhibitor mixtures that were incubated for different

times over 24 h. This was performed using a Varian 5000 liquid

chromatograph with a Brownlee Aquapore (300 Å pore size)

silica C18 column running an acetonitrile gradient. Distinct

peaks attributable to the enzyme and inhibitor were observed

in the samples from a fresh enzyme–inhibitor mixture. The

inhibitor peak was seen to decrease with increasing incubation

time, and additional peaks, most likely arising from degrada-

tion products, were seen to increase (Bailey, 1994). With the

sample taken from the mother liquor, which was approxi-

mately ten months old at the time of analysis, very little intact

DB3 was present in spite of it being added in a large molar

excess.

Thus, X-ray and HPLC analysis of the endothiapepsin–DB3

complex showed that this inhibitor was actually cleaved by the

enzyme. Similarly, our analysis of the complex of endothia-

pepsin with DB2 suggested that cleavage of the inhibitor

between the P2 and P1 residues had occurred since electron

density was only visible for the P1–P30 residues in this struc-

ture (Fig. 2). However, the high-resolution structures of

endothiapepsin complexed with DB5 and DB6 clearly showed

full-length electron density for these inhibitors which was

essentially contiguous from P4 to P30 (Fig. 2), thereby

confirming the correct synthesis of these compounds.

Williams et al. (1972) delineated the specificity of endo-

thiapepsin by its action on the oxidized �-chain of insulin. The

enzyme has a preference for hydrophobic regions, as reflected

in the relative rates of hydrolysis:

Phe24-Phe25>Tyr16-Leu17>Gln4-His5

>>>Leu11-Val12>Asn3-Gln4:

Intriguingly, Drohse & Foltmann (1989) found that the

milk-clotting activity of endothiapepsin does not arise from

cleavage of �-casein at the expected Phe-Met dipeptide which

is cleaved by chymosin and other commercially used milk-

clotting enzymes. Instead, endothiapepsin cleaves at the

preceding dipeptide, which has the sequence Ser-Phe, as

indicated in Fig. 3.

Unfortunately, there are no Ser-Phe dipeptides in the

�-chain of insulin to allow measurement of the relative rate of

cleavage at this sequence. However, it seems plausible that

endothiapepsin may have cleaved DB3 at the Ser-Phe peptide

bond and the remaining peptide fragments would then simply

dissociate owing to weak binding. With this inhibitor, the

presence of the �-branched side chain of Ile at P1, which is

unfavourable for binding to the pepsins in general (see, for

example, Fruton, 1976), may have precluded the normal

binding mode of the inhibitor in which the transition-state

analogue resides at the catalytic centre. Accordingly, model-

ling an Ile at P1 shows that the branching of the side chain

at C� causes unfavourable van der Waals contacts with the

enzyme.

Kinetic measurements of the DB inhibitor series with

endothiapepsin (shown in Table 4) establish that DB3 has an

affinity for endothiapepsin that is two orders of magnitude

lower than those of DB2 and DB5. This difference in IC50

suggests why DB2, DB5 and DB6 were observed in the crystal

structures (Fig. 2) but the more weakly binding and proteo-

lytically vulnerable inhibitor DB3 was not. The IC50 values for

the EMD compounds were determined with endothiapepsin

and found to be in the nanomolar range. For human renin, the

IC50 values were found to be 56 nM for EMD59601 and 41 nM

for EMD61395, thus confirming their tight-binding nature.

Of the EMD series of compounds, the inhibitor EMD56133

reveals an intriguing effect owing to the unusual residue at the

P2 position which essentially mimics glycine with an additional

main-chain CH2 group. The extra main-chain carbon might

be expected to introduce a frameshift in the binding mode of

the inhibitor, potentially disrupting some of the main-chain

hydrogen-bonding interactions. In addition, the lack of a P2

side chain might also be expected to weaken binding affinity.

However, it is very clear that all of the conserved main-chain

hydrogen bonds are preserved in this inhibitor complex. This

is achieved partly by virtue of the P2 main chain sitting

appreciably deeper in the otherwise empty S2 pocket than it

does in the other complexes. Whilst there are slight reper-

cussions for the P1–P20 residues, resulting in them being

appreciably displaced by about 0.5 Å with respect to the other

inhibitors in this series, the essential hydrogen-bond inter-

actions are conserved, as are the side-chain conformations.

The inhibitors EMD59601 and EMD61395 possess large non-

peptidic aromatic groups at the P10 position and in spite of

their dissimilarity from the physiological substrate they bind in

conformations in the S10 subsite that are broadly similar to
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Figure 3
Cleavage of �-casein by endothiapepsin and chymosin.

Table 4
IC50 values determined for endothiapepsin.

The values in parentheses indicate the corresponding Ki (nM). The dash
indicates where a measurement was not made.

Inhibitor IC50 (nM)

DB2 20 (2)
DB3 2000 (162)
DB4 10 (1)
DB5 10 (1)
DB6 —
EMD56133 400 (32)
EMD59601 400 (32)
EMD61395 6000 (486)



those of other inhibitors (Fig. 2). Since these two inhibitors

only differ appreciably at the P10 position, the significantly

weaker binding of EMD61395 must stem from the less

favourable binding of its bulky P10 group within the tight

contraints of the S10 pocket. The C-terminal residues in inhi-

bitor EMD56133 (the largest of the three EMD compounds)

follow the usual path, although interestingly the substituted

ring at P30 occupies what is typically a main-chain rather than

a side-chain position. Of the DB inhibitor series, DB5 and

DB6 were observed to fully occupy the enzyme active-site

cleft from P5 to P30 and form the expected set of hydrogen-

bond interactions (Bailey & Cooper, 1994). In contrast, as

mentioned above, DB2 appears to have undergone cleavage

of the P2–P1 peptide bond such that electron density is only

visible from P1 to P30.

3.3. The type IV native endothiapepsin room-temperature
structure

Both of the high-resolution type IV native structures

(obtained with DB3 and PD134685) show well defined water

molecules in the active site but no electron-density features

for the inhibitor. The electron-density maps for these struc-

tures show evidence of the water molecule that is tightly

bound between the two catalytic aspartates, as

shown for DB3 in Fig. 4. Other solvent mole-

cules bound to Asp32 and Asp215 have no

equivalents in the type I crystals of the native

enzyme. A network of solvent molecules

extends from the catalytic water towards the

active-site flap.

The C	 r.m.s. difference between the two

native type IV structures after superposition

was 0.15 Å (330 equivalent C	 atoms),

suggesting that they are identical within the

errors of the analysis. The r.m.s. difference

between the room-temperature native enzyme

structure (Blundell et al., 1990) and the inhi-

bitor complexes forming type I crystals is

usually in the range 0.1–0.2 Å (330 equivalent

C	 atoms). When the type I native structure

was superposed on the highest resolution type

IV native structure (DB3), the C	 r.m.s.

difference was significantly greater at 0.68 Å

(330 equivalent C	 atoms). The difference

between the enzyme in the type I and type IV

crystals can be attributed to a rigid-body shift

in the molecule which affects a large part of

the C-terminal domain (residues 190–302; Šali

et al., 1989). The two rigid bodies in the type I

and type IV native structures were then fitted

onto each other and a plot of the distance

between each C	 atom against residue number

was drawn (Fig. 5). This indicates regions

where further local differences exist between

the type I and type IV structures and shows, as

is to be expected, that they differ most in the

regions that are involved in intermolecular contacts in one or

both of the crystal forms.

3.4. Rigid-body shifts

The rigid-body shifts between the type I and type IV

endothiapepsin structures were originally analysed using the

method of Šali et al. (1989) and, more recently, with DynDom

(Poornam et al., 2009). Specifically, the structures were initially

superposed with the type I native structure using rigid body 1

alone. The rotations and translations of rigid body 2 (residues

190–302) were then determined relative to this region in the

type I native structure (Fig. 6). This indicated that the rigid-

body movements found in the type IV native structures were

similar to those found in the type IV inhibitor-complexed

structures. The rigid-body shift would therefore appear to be

mainly associated with the change in crystal form rather than

the presence of an inhibitor in the active site.

When inhibitors are bound, there are small but significant

differences in the rigid-group rotations between different

complexes in both the type I and the type IV crystal forms (see

Fig. 6). The fact that the rigid-group rotations and translations

within the molecule are very similar for the ‘complexes’ in

which the ligand could not be ‘seen’, as shown in Fig. 6,
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Figure 4
A stereoview of the electron density in the active-site cleft for the inhibitor DB3 which did
not bind to the enzyme. The catalytic aspartates (32 and 215), intervening water molecule(s)
and Tyr75 of the active-site flap are clearly visible.

Figure 5
Local differences following superposition of the rigid bodies. The distances in Å between
the C	 atoms of type I and type IV endothiapepsin following superposition of the two rigid-
body subdomains are shown versus residue number. Residues involved in lattice contacts in
either the type I or type IV crystal forms or both are colour-coded green, blue and red,
respectively.



provides some evidence that the inhibitors were not bound

when the enzyme crystallized.

3.5. Sulfate ions

Inspection of the electron-density maps for type IV native

structures showed three sulfate ions (Fig. 7) in the same

positions as those identified in the type IV endothiapepsin–

inhibitor complexes. All three are involved in intermolecular

contacts at the protein surface (see Supplementary Table 5).

Sulfate 1 is found near the N-terminus of helix hN2 (nomen-

clature of Blundell et al., 1990; residues 108–114), i.e. it is in

a region which is expected to have a partial positive charge

owing to the helix dipole. All three sulfates are hydrogen-

bonded to symmetry-related molecules, although it can be

seen in Fig. 7(c) (and Supplementary Table 5) that sulfates

1 and 3 are involved in more intermolecular contacts than

sulfate 2. Most contacts (�70%) are polar and all residues

involved except one (Pro133) are polar.

All type IV endothiapepsin structures have sulfate ions in

the same place, but none of the type I structures appear to

have any. Sulfate binding therefore appears to be character-

istic of type IV crystal formation.

3.6. Intermolecular contacts

The smaller unit-cell volume of type IV crystals (139 000 Å3)

compared with type I crystals (170 000 Å3) gives them an

approximately 20% lower solvent content and many more

intermolecular contacts. As expected, the type I and type IV

crystals have completely different intermolecular contacts;

those which are conserved in each crystal form (i.e. are present

in more than 70% of type I and IV crystals) are listed in

Supplementary Tables 6 and 7.

In type IV crystals each molecule has six symmetry-related

neighbours making 43 conserved protein contacts closer than

4 Å, 22 of which are polar. This compares with type I crystals

in which each molecule has three symmetry-related neigh-

bours making 23 conserved protein–protein intermolecular

contacts including six conserved polar contacts. Thus, there are

many more intermolecular contacts in type IV crystals than in

type I crystals.

In type I crystals, the conserved set of contacts made with

the molecule at (x, y, 1 + z) occurs between the loops 175–181

on one molecule and 279–281 on the other. The contacts with

the molecule at (x + 1, y, 1 + z) involve the loops 250–252

and the two loops 66–68 and 133–134. The contact with the

molecule at (1 � x, y + 1/2, �z) involves the loop between

residues 17 and 26 interacting with the hC helix (residues 225–

233). None of the protein–protein contacts involve residues

from one molecule interacting with more than one rigid body

of another molecule.

In the type IV crystals, a sulfate ion forms a link between

the molecule at (x, y, z) and residues 318 and 319 of the

adjacent molecule at (x, y, 1 + z). This sulfate is important for

the formation of type IV structures, since it is also involved

in interactions with the molecule at (�x, y + 1/2, 1 � z), thus

further stabilizing the structure. This intermolecular contact

involves a large interface including the sheet strands a0N
(residues 70–74) and b0N (residues 80–81) and the helix hN2

(residues 106–108) on one molecule. These interact with

strand a0C (residues 245–249) and the preceding loop of the

second molecule. There are two sulfates involved in this

contact, one of which can form hydrogen bonds with both

residues 132 and 133 of the symmetry-related molecule, while

the other forms a connection with the first type IV contact

region, as described above.

Of particular interest are the interactions between the

molecules at (x, y, z) and (x, y, 1 + z) since they involve

residues of both the N-terminal (47–52, 109 and 113) and

C-terminal (278–280) rigid bodies of one molecule interacting

with residues of both the N-terminal (144–149 and 317–319)

and C-terminal (177 and 178) rigid bodies of the adjacent

molecule, as shown in Fig. 8. This interaction therefore spans
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Figure 6
Rigid-group domain movements. The rotations and translations of rigid
body 2 (residues 190–302) relative to the type I native endothiapepsin
crystal structure (PDB entry 4ape; not shown) are drawn on the graph.
The rigid-group parameters for the inhibitor complexes obtained in the
type I and type IV crystal forms cluster into two distinct groups (shown as
types I and IV). The inhibitor complexes are identified by their PDB
codes, with the exception of DB3, DB5, DB6 and PD134685. Structures
2vs2 and 1gkt were solved by neutron diffraction. Note that the structure
of the PD130693 complex has been solved in the type IV crystal form
(PDB entry 1epp) and also in the type I form (shown as 1epp0). The inset
figure indicates the two rigid groups of endothiapepsin and the small but
appreciable difference in domain orientation that occurs between the two
crystal forms of the native enzyme.



the active-site cleft: a situation which does not occur in type

I crystals, where the most similar interaction involves only

N-terminal rigid body to C-terminal rigid body contacts,

namely the 175–181 loop in one molecule and the 279–281

loop in the other.

3.7. Isotropic displacement parameters

The unscaled Biso values of the type IV crystals of native

endothiapepsin are appreciably lower than those of crystals of

type I. This may in part be a consequence of the tighter crystal

packing and the more extensive interactions as well as the

decreased volume of disordered solvent and differences in the

data-collection and refinement strategy. Therefore, to facil-

itate comparison of the type I and type IV crystals the Biso

values of the type I structures were scaled empirically to those

of the highest resolution type IV uncomplexed structure

(DB3). A plot of the differences between residue-averaged

temperature factors in the type IV and type I native structures

(BaveIV
;j � Bave,j) against residue number j (Fig. 9a) shows that

the largest decreases in Biso occur where there are crystal

contacts, indicating a substantial decrease in thermal or static

displacement of these residues.

The hN2 	-helix (residues 108–114) shows a large difference

in Biso values between type I and type IV native structures

(Fig. 9a). The occurrence of significantly lower Biso values

in this region of inhibitor-complexed endothiapepsin has

previously been attributed to inhibitor binding in the P3

pocket (Bailey & Cooper, 1994). However, the existence of

low Biso values in type IV crystals without inhibitors bound

indicates that this effect may also stem from crystal contacts

involving the nearby sulfate anion.

The differences in mean Biso values for residues of the

active-site flap in two representative inhibitor complexes that
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Figure 7
The sulfate groups in type IV endothiapepsin. (a) The positions of the three sulfate groups; (b) the electron density for the best defined sulfate (sulfate 1)
in type IV native endothiapepsin. The contacts that each makes with symmetry-related protein molecules are indicated in (c).



form type IV crystals (H-189 and pepstatin A) and the highest

resolution type I native structure are shown in Figs. 9(b) and

9(c), respectively. The Biso values of residues in the active-site

flap (74–77) are clearly greater in type IV crystals of native

endothiapepsin than in the inhibitor-complexed forms. A

similar effect has been noted for the type I crystal form (Bailey

& Cooper, 1994). However, reference to Fig. 9(a) shows that

intermolecular contacts also contribute to the lower disorder

in the flap of type IV structures when compared with type I

structures, in which the flap is not involved in intermolecular

contacts.

3.8. Human pepsin 3b structure and domain movements

In the pre-genomic era, extensive biochemical studies of

porcine pepsin, owing to its abundance and ease of prepara-

tion, led to it being regarded as the archetypal aspartic

proteinase (Fruton, 1976, 2002). Indeed, the catalytic aspar-

tates and other residues of other enzymes in this family are

often numbered according to the porcine pepsin scheme. A

number of crystal structures are available for pepsin from this

organism (Abad-Zapatero et al., 1990; Cooper et al., 1990;

Sielecki et al., 1990) as well as of the human enzyme (Fujinaga

et al., 1995). Indeed, porcine pepsin was one of the first

enzymes to be crystallized and was the first to be analysed by

X-ray diffraction (Bernal & Crowfoot, 1934). The crystal form

of native human pepsin 3b that we report here is distinct from

that obtained with inhibitor complexes and has a lower solvent

content (49 versus 62%), although it is similar to that reported

for uropepsin (Canduri et al., 2001). Human pepsin A has

three chromatographically distinct isoforms 1, 3a, 3b and 3c,

with pepsin 3b being the major variant. They are encoded by

the same gene and therefore have identical

amino-acid sequences, but mass-

spectrometric analysis suggests that pepsin

3a is phosphorylated (Jones et al., 1995).

Superposition of our native human pepsin

3b structure with those of human pepsin 3a

complexes (PDB entries 1pso, 1psn and

1qrp) determined by Fujinaga et al. (1995)

established that essentially the same rigid-

body movements that were observed for

endothiapepsin appear to occur upon inhi-

bitor binding to the human enzyme. The

mean rigid-body rotation for the three

complexes is 3.3� (�0.2�) and the mean

translation is 0.10 Å (�0.05 Å). There are

very few amino acids which change confor-

mation upon binding of the inhibitors,

although one notable exception is Glu13,

which is very well defined in the electron

density for human native pepsin. The side

chain of this residue points into the hydro-

phobic S3 pocket in the native enzyme,

whereas binding of an inhibitor causes it to

adopt a conformation pointing towards the

bulk solvent. Glu13 is highly conserved in

pepsins and has been implicated in the pH-

dependent activation of the zymogen form

of the enzyme (James & Sielecki, 1986;

Sielecki et al., 1991; Hartsuck et al., 1992).

4. Conclusions

Protein domain movements are critical for

innumerable biological functions such as

enzyme catalysis, molecular transport and

signal transduction. Such movements

represent a major challenge in terms of

crystallographic analysis since they occur on

a timescale that is much smaller than the

duration of a typical data collection.

Although there have been remarkable
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Figure 8
Crystal packing in endothiapepsin crystals. (a) Stereoview of the extensive interaction between
molecules related by a unit-cell translation along the crystallographic z axis in the type IV
crystal form. Both rigid bodies of both symmetry-related molecules are involved in these
contacts. This contrasts with the more limited nature of contacts in the type I crystal form, as
shown in stereo in (b).



advances in the speed of data collection using third-generation

synchrotron sources, meaningful crystallographic analysis of

any dynamic process requires that the movements within

the crystal do not disrupt the lattice and are concerted or

synchronized during the experiment, both of which are diffi-

cult to achieve. The timescale for aspartic proteinase turnover

is of the order of 50 ms (kcat’ 20 s�1; Dunn et al., 1986), which

is within the timescale that can be analysed using special

facilities for time-resolved diffraction (Bourgeois et al., 2007).

However, synchronizing turnover events within the crystal

represents a major hurdle in applying these techniques. The

use of synthetic chemistry to prepare analogues which judi-

ciously mimic the transition states of an enzyme-catalysed

reaction provides a very convenient tool for harnessing high-

energy intermediate states which are, by definition, hard or

impossible to isolate otherwise, as well as defining any local

or global conformational changes that may take place in the

reaction cycle.

It has long been suggested that domain movement plays a

significant role in substrate binding and release in the aspartic

proteinase family (Šali et al., 1989, 1992). This stems from the

observation of appreciable domain movements in the crystal

structures upon the binding of inhibitors, although these

effects are often correlated with a change in crystal form. The

occurrence of either type I or type IV crystals of endothia-

pepsin does not have any clear experimental determining

factors. The initial conditions of crystallization are the same

for both types; indeed, the native enzyme as well as some

inhibitor complexes were found to crystallize in both forms.

Sometimes type I crystals were seen to grow first and to

deteriorate over time; type IV crystals then grew from the

same mother liquor. The lower solvent content of the type IV

crystals suggests that this crystal form is the more stable of the

two as the mother liquor becomes more dehydrated. Type

IV crystals are characterized by a greater number of lattice

contacts and the presence of sulfate anions mediating inter-

molecular interactions. These observations suggest that the

main determinant of the rigid-body shift, rather than being the

binding of an inhibitor, may instead be a physical factor such

as the ionic strength of the medium and/or the respective

crystal lattice contacts. The involvement of the sulfate ions in

the lattice may be entirely fortuitous and may depend on local

sulfate concentration and other factors during nucleation.

However, the interactions that they make appear to be pivotal

in the lattice and since they involve both N- and C-terminal

rigid bodies of two adjacent molecules they may be respon-

sible for the change in their relative orientation.

All of the inhibitor-complexed forms of endothiapepsin

were obtained by cocrystallization rather than soaking since

diffusion of inhibitors into native type I crystals was observed

to cause deterioration. The first crystallographic evidence that

appreciable domain movements occur on inhibitor binding

to the enzyme was reported by Šali et al. (1989, 1992). In this

work, two different crystal forms of endothiapepsin inhibitor

complexes were compared with the original type I native

structure. It was found that for structures in the type IV form

the C-terminal domain was rotated and translated along a

screw axis, giving a mean r.m.s. C	 deviation of 0.67 Å

(�0.02 Å). For structures in the type I form (which has a much

larger unit cell) smaller shifts occur, with a mean r.m.s. C	

deviation of 0.26 Å (�0.06 Å). In the current work, we have

shown that two type IV native endothiapepsin structures have

C-terminal domain shifts that are comparable to those that

occur when inhibitors were bound in the type IV crystal form.

The key to the domain shift may be the presence of three

sulfate anions bound to the surface of endothiapepsin in the

type IV form. There is further evidence to suggest that crystal-

packing forces are at least partly responsible for this domain

movement. One inhibitor complex has been solved in both

crystal forms (PD130693) and the domain shifts are clearly

different in each form (Fig. 6), with only the type IV form

having sulfate ions bound. Of note are the two inhibitor

complexes (PDB entries 2vs2 and 1gkt) that were solved by

neutron diffraction (Coates et al., 2001, 2008); these are

observed to lie well within the type IV distribution. Intrigu-

ingly, the largest outliers in the type IV distribution (PDB

entries 1gvv, 1oex, 1gvx and 1gvw in Fig. 6) are structures that

were solved at atomic resolution using data collected from
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Figure 9
Analysis of mean displacement parameters. (a) The difference between
the mean Biso of residues in the type IV native structure and those in the
type I native crystal form. The vertical bar for each residue is colour-
coded according to whether that residue forms lattice contacts in type I
crystals only (green), in type IV crystals only (blue), in both type I and
type IV crystals (red) or in neither crystal form (black). (b) and (c) show
the differences in mean Biso between the two typical type IV inhibitor
complexes (H-189 and pepstatin, respectively) and the type IV native
structure (DB3) reported here. Both of these inhibitor complexes and the
type IV native structure were solved at the same resolution (1.9 Å).



crystals that were cryocooled to 100 K. Since the domain

shift occurring in these structures appears to be significantly

affected by crystal freezing, it is likely to be caused primarily

by crystal-packing effects rather than the presence or other-

wise of an active-site ligand.

Needless to say, the change in domain orientation appar-

ently caused by crystal packing must reflect on a propensity

of the fold to flex in the same manner, which may well have

catalytic importance. Šali et al. (1992) have comprehensively

and persuasively reviewed the structural and other evidence

that domain movement in aspartic proteinases has a catalytic

role. Intriguingly, the assertion that the domain movement in

endothiapepsin upon inhibitor binding could arise from lattice

contacts alone would appear to be countered by our obser-

vation that essentially the same domain movement occurs

upon inhibitor binding to human pepsin in two entirely

different crystal forms.
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