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The crystal structure of rhizopuspepsin has been determined

at three different pH values (4.6, 7.0 and 8.0) and compared

with the previously reported structure at pH 6.0. A pH-

sensitive region in the protein has been identi®ed where

certain structural changes take place at pH 8.0. An increase in

the mobility of loops, weakening of hydrogen bonding and

ionic interactions and a change in the water structure have

been observed in this region. The loop between the ®rst and

the second �-strands of the N-terminus shows increased

mobility at high pH. This loop is known to be highly ¯exible in

aspartic proteinases, aiding in relocating the N-terminal

�-strand segment in pH-related structural transformations.

The observed changes in rhizopuspepsin indicate the trig-

gering of a possible denatured state by high pH. The

conformation of the active aspartates and the geometry of

the catalytic site exhibit remarkable rigidity in this pH range.
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1. Introduction

Aspartic proteinases found in a large number of organisms

have been shown to perform a variety of biological functions

(Davies, 1990). They have been identi®ed as potential targets

for developing drugs against fatal diseases such as AIDS

owing to their involvement in the life cycle of pathogenic

organisms. They catalyze peptide-bond hydrolysis with the

involvement of two active aspartates. The members of the

pepsin family have a bilobal structure, with the active-site cleft

located between the lobes. The catalytic aspartates (Asp32

and Asp215; pepsin numbering) are contributed from each

lobe. These residues are situated within the motif D-S/T-G,

known as the signature sequence of the aspartic proteinase

family. In spite of having similar tertiary structure and active-

site geometry, aspartic proteinases differ signi®cantly in

substrate speci®city and pH optimum. It is well known that

each one of the aspartic proteinases has a characteristic pH

optimum that can vary from pH 2 for mammalian pepsins to a

value of more than 7 for renin.

Aspartic proteinases exhibit pH-dependent activity. The

digestion of food material, the processing of proteins, protein

turnover and activation of zymogens are a few examples which

are directly in¯uenced by pH. The pH-rate pro®les of these

enzymes suggest that during catalysis the active aspartates

exist in the mono-protonated state. Recent neutron Laue

diffraction studies (Coates et al., 2001) have con®rmed that

one of the active aspartates is protonated and the other is

negatively charged, as proposed based on X-ray crystallo-

graphic studies (Davies, 1990), supporting the general acid±

base catalysis mechanism. It was reported that in solution the

N-terminal �-strand segment of porcine pepsin plays a role in

the alkaline inactivation/denaturation of the enzyme (Lin et
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al., 1993; Tanaka & Yada, 2001). The same segment, which is

located in the active-site cleft in its proenzyme as well as in

prophytepsin and proplasmepsin, undergoes a conformational

change following a large movement to become a part of the

central six-stranded �-sheet at the back of the protein upon

activation by acidi®cation (Bernstein & James, 1999).

There have been a number of crystallographic studies aimed

at understanding the structural basis of pH-induced changes in

proteins. Some proteins do not undergo any signi®cant

changes in their structures with change in pH, as in the case of

lysozyme studied at three different pH values (4.6, 6.5 and 9.5;

Biswal et al., 2000). A recent study of the crystal structure of

ribonuclease A at ®ve different pH values at atomic resolution

provided better insight into the catalytic role played by Lys41

(Berisio et al., 2002). Some interesting results have been

noticed in staphylococcal enterotoxin C2 (Kumaran et al.,

2001) and plastocyanin (Guss et al., 1986), where the coordi-

nation distances of the metal ions from the protein atoms

increase gradually with decreasing pH. Other pH-induced

changes in crystal structures include rotation of the side chains

in cubic insulin (Gursky et al., 1992), -chymotrypsin (Dixon et

al., 1991) and myoglobin (Yang & Phillips, 1996), peptide-

bond ¯ipping in azurin (Nar et al., 1991) and changes observed

in the tertiary structure of �-chymotrypsin (Vendlen &

Tulinsky, 1973; Mavridis et al., 1974) and in the catalytic loop

of avian sarcoma virus integrase (Lubkowski et al., 1999).

Some protein structures exhibit signi®cant pH-dependent

structural changes. The most dramatic change was reported in

the surface glycoprotein of in¯uenza virus. The haem-

agglutinin exists in a retracted state under normal conditions,

as the peptide that binds to the sialylated cell-surface receptor

is buried from the distal tip of the protein and is therefore

incapable of binding to the cell membrane. However, at low

pH a major conformational change occurs as the fusion

peptide moves at least 100 AÊ and is delivered via a spring-

loaded mechanism to the distal tip, where it is available to bind

to the cell membrane (Carr & Kim, 1993; Bullough et al.,

1994). The crystal structure of cathepsin D, an aspartic

proteinase involved in protein turnover, has been solved in the

active form (pH 5.1) and also at a higher pH (pH 7.5). At

higher pH, the ®rst strand of the six-stranded inter-domain

�-sheet moves a distance of 30 AÊ into the active site, rotating

by approximately 180� and blocking the active aspartates (Lee

et al., 1998). Moreover, the strand itself changes into a random

coil. This analysis and comparison of the structures of

proenzymes with their active forms (Bernstein & James, 1999)

indicate that this N-terminal segment possesses inherent

¯exibility and the ability to adopt different conformations.

These observations have important implications in under-

standing the structural basis of the pH-dependent regulation

of protein activity and pH-dependent modulation of substrate

speci®city.

In view of the importance of the phenomenon and owing to

the fact that pH-induced structural analysis exists for only one

of the aspartic proteinases as mentioned in the previous

paragraph, we are interested in investigating the effect of pH

on the protein and solvent structure of aspartic proteinases by

means of X-ray crystallography. To probe whether the struc-

ture undergoes any changes on variation of the pH which in

turn may in¯uence its activity, we have determined the crystal

structure of rhizopuspepsin, a fungal aspartic proteinase, in

three different forms at pH values of 4.6, 7.0 and 8.0. A

detailed comparison of the different pH forms including the

previously reported crystal form at pH 6.0 has been carried

out. We discuss the insights obtained from this analysis on the

effect of pH on the structure and its implications for the

function of the enzyme.

2. Materials and methods

Rhizopuspepsin, obtained as a gift from Dr D. R. Davies of the

National Institutes of Health, USA, was originally provided by

Robert Delaney of the University of Oklahoma and was

previously crystallized at pH 6.0 using the sitting-drop

method. The structure was determined at 1.8 AÊ resolution

(Suguna et al., 1987). It crystallized in space group P212121,

with unit-cell parameters a = 60.31, b = 60.60, c = 106.97 AÊ . We

have now obtained crystals of rhizopuspepsin at pH 4.6, pH 7.0

and pH 8.0 by the hanging-drop method. For all the pH forms,

large crystals of dimensions 0.8 � 0.5 � 0.3 mm grew within a

week at 277 and at 293 K. The crystallization conditions are

given in Table 1.

Intensity data were collected at 293 K from crystals grown

at pH 4.6, 7.0 and 8.0 on MAR300 imaging plate mounted on a

Table 1
Crystallization conditions for various pH forms of rhizopuspepsin.

pH Condition

4.6 Drop: 2 ml of 14 mg mlÿ1 protein concentration and 2 ml of
reservoir solution. Reservoir solution: 500 ml 30% PEG
4K, 0.1 M sodium acetate, 0.2 M ammonium acetate.

6.0² Sitting-drop method: 14 mg mlÿ1 protein solution containing
20 mM calcium acetate and 50 mM cacodylate buffer.

7.0 Drop: 2 ml of 14 mg mlÿ1 protein concentration and 2 ml of
reservoir solution. Reservoir solution: 500 ml of 0.8 M
K,Na tartrate, 0.1 M Na HEPES.

8.0 Sitting-drop method: 14 mg mlÿ1 protein solution containing
20 mM calcium acetate and 50 mM cacodylate buffer.

² The reference pH form.

Table 2
Statistics of X-ray intensity data.

Values in parentheses are for the last shell.

pH

4.6 7.0 8.0

Unit-cell parameters (AÊ )
a 60.48 60.19 60.37
b 60.52 60.79 60.58
c 106.87 106.99 107.36

Unit-cell volume (AÊ 3) 391190 392117 392667
Completeness (%) 94.5 (90.7) 99.8 (99.8) 97.1 (97.0)
Resolution limit (AÊ ) 2.1 2.0 2.3
No. of re¯ections 134320 182501 93785
Unique re¯ections 22317 27185 17618
Rmerge (%) 9.3 (30) 7.8 (28.3) 8.9 (32)
Mosaicity 0.35 0.28 0.18



Rigaku RU-200 rotating-anode X-ray generator with an

Osmic mirror for collimation. The crystal-to-detector distance

was maintained at 120 mm in all experiments. Care was taken

to ensure that the data-collection conditions were identical in

all cases. All data sets were processed in an identical manner

using DENZO and SCALEPACK (Otwinowski & Minor,

1997). Details of data collection and processing are given in

Table 2.

The atomic coordinates of the pH 6.0 form of rhizopus-

pepsin (Suguna et al., 1987; PDB code 2apr) were used as the

starting model for the re®nements. All four structures

including 2apr (re®ned earlier using PROLSQ; Hendrickson

& Konnert, 1981) were re®ned in an identical manner using

the program CNS v.1.0 (BruÈ nger et al., 1998). The entire

molecule was treated as a rigid body in the initial cycles of

re®nement. This was followed by B-factor group, positional

and B-factor individual re®nements, calculation of the

electron-density maps and model building/checking using the

program O (Jones et al., 1991). In the subsequent stages of

re®nement and model building, peaks greater than 3� in

Foÿ Fc maps and 1� in 2Foÿ Fc maps were identi®ed as water

O atoms. In the later cycles, the cutoff values were reduced to

2.5� and 0.8�, respectively. Bulk-solvent correction and

anisotropic scaling were used throughout the process. The

®nal R factors were in the range 14±16% (Table 3). The

stereochemical quality of the structures was validated using

PROCHECK (Laskowski et al., 1993). The solvent structure

constituting the primary hydration shell or the ®rst hydration

shell (Prasad & Suguna, 2002) was identi®ed for all four pH

forms. The protein structures at pH 4.6, 7.0 and 8.0 along with

the respective primary hydration waters were superposed on

the pH 6.0 form, the reference structure for this analysis, using

the program ALIGN (Cohen, 1997) using the C� atoms, main-

chain atoms, main-chain and C� atoms and all atoms. The

r.m.s.d. values are given in Table 3. The aligned coordinates

were used to ®nd the conserved or equivalent waters among

all the pH forms. The hydrogen bonds (distance < 3.6 AÊ ,

angles NÐH� � �Wat > 120� and CÐO� � �Wat > 90�) were

calculated for all the conserved waters. Water±water hydrogen

bonds were assigned based on the distance cutoff only.

3. Results and discussion

The structures re®ned in the present study are those at pH 4.6,

7.0 and 8.0. Rhizopuspepsin could not be crystallized outside

the pH 4.6±8.0 range. Although the crystallization conditions

at pH 7.0 and pH 4.6 are different from the conditions that

give crystals of the other two forms, the proteinase crystallized

in the same orthorhombic space group P212121. A plot of the

deviations of the C� atoms of the pH 4.6, 7.0 and 8.0 forms

from the pH 6.0 form shown in Fig. 1 and the r.m.s.d. values

given in Table 3 clearly indicate that compared with the pH 8.0

form, the other forms show much smaller deviations. In the

®nal re®ned models, 92.4±95.1% of the residues lie in the most

favoured regions of the Ramachandran plot (Ramachandran

et al., 1963). The percentage of residues in the additionally

allowed regions is higher in the pH 8.0 form. No residues are

found in the generously allowed or disallowed regions. The

regions consisting of residues 9±20, 73±80, 154±165 and 289±

295 show comparatively higher deviations, indicating an

inherent ¯exibility of these loops. These deviations are more

pronounced in the case of the pH 8.0 form (Fig. 1).

An important observation that has emerged from

comparing various pH forms is that the geometry of the

catalytic site and the conformation of the active aspartates

Asp35 and Asp218 remain unchanged in the pH range 4.6±8.0.

The hydrogen bonds between the aspartates and those

between the catalytic water, Wat507, and the aspartates are

also conserved. The side-chain torsion angles of most of the

residues are unaffected by pH, except for a few charged and

hydrophilic residues on the surface of the protein in which a

small variation in the � values (about 5±10�) has been

observed.
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Table 3
Re®nement statistics.

pH

4.6 6.0² 7.0 8.0

R factor 0.147 0.156 0.157 0.158
Rfree value 0.179 0.183 0.194 0.201
Average B factors (AÊ 2)

Main chain 17.92 24.35 20.09 27.75
Side chain 19.92 26.95 22.47 30.06
Solvent 35.53 44.35 39.39 41.63

No. of protein atoms 2402 2402 2402 2402
No. of solvent molecules 336 365 386 296
No. of primary waters 326 336 343 273
No. of invariant waters 295 Ð 300 249
R.m.s. deviations from ideality

Bond lengths (AÊ ) 0.005 0.005 0.005 0.005
Bond angles (�) 1.3 1.3 1.3 1.3
Dihedral angles (�) 26.4 26.2 26.5 26.2
Improper angles (�) 0.75 0.74 0.74 0.75

Residues in core region of '± plot (%) 93.6 95.1 94.7 92.4
Residues in the additionally allowed region (%) 6.4 4.9 5.3 7.6
Overall r.m.s. deviation of C� atoms (AÊ ) 0.083 Ð 0.075 0.158

² The reference pH form reported earlier (PDB code 2apr) has been re-re®ned.

Figure 1
C� deviations of different pH forms of rhizopuspepsin from the pH 6.0
form.
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3.1. B factors and stability

Individual B factors provide a good estimate of the ¯ex-

ibility of the protein; in particular, when the B factors of the

same molecule in different environments are compared, one

may obtain information about the effect of external factors on

various regions of the protein. Hence, to further explore the

structural changes between the various pH forms, the B

factors of protein atoms and water molecules were carefully

examined. A plot of the normalized B factors [(Bÿ hBi)/�(B)]

of the C� atoms in all the pH forms is shown in Fig. 2. The

average B factors of the main-chain and the side-chain atoms

and water molecules in the crystal structures presented here

are listed in Table 3. The pH 8.0 form shows considerably

higher B factors when compared with the others. It was shown

in earlier studies that the `¯ap' region formed by residues

72±83 and a variable loop region consisting of residues 290±

295 of the C-terminal domain are highly ¯exible in all aspartic

proteinases (Sali et al., 1992). However, the recent crystal

structure of cathepsin D at high pH (PDB code 1lyw; pH 7.5;

Lee et al., 1998) has shown that the �-hairpin turn, residues

8±15 (equivalent to residues 10±17 in rhizopuspepsin), is also a

very ¯exible region with a tendency to change its conforma-

tion. The effect of pH on the B factors is clearly evident from

Figs. 2 and 3. Residues with relatively higher B factors in the

crystal structure at pH 8.0 are Asn13 (80.17 AÊ 2 for C� and

91.23 AÊ 2 for OD1), Asp79 (72.80 AÊ 2 for C� and 75.65 AÊ 2 for

OD2), Lys162 (70.73 for C� and 83.72 AÊ 2 for NZ) and Glu325

(66.45 AÊ 2 for C� and 89.40 AÊ 2 for OE1). All these residues are

located in loops which are in close proximity in the structure

(Fig. 3). The ¯ap region has the highest B factors in the form at

pH 4.6, the pH at which rhizopuspepsin has maximum cata-

lytic ef®ciency (Hofmann et al., 1984). This observation

suggests that it is important for the ¯ap to be as ¯exible as

possible for the substrate to enter the binding cleft at the

optimum pH to accomplish catalysis.

As seen in Fig. 2, the B factors of the loop (Asn13 is at the

tip of the loop) between the two N-terminal strands gradually

increase as the pH increases and the change is quite

pronounced at pH 8.0. Similarly, the B factors of loop 154±174

also show a considerable and gradual increase as a conse-

quence of increase in the pH. These observations and the fact

that these two loops are close to each other in the structure

suggest that the pH-assisted denaturation of the enzyme

probably originates from this region. The residue with the

highest B factor, Asn13, could be considered as the hinge

point, equivalent to Ala13 in cathepsin

D, which is described as the pivot point

about which the strand rotates and

relocates itself and occupies the active

site. Beyond pH 8.0, the N-terminal

�-strand in rhizopuspepsin would

probably relocate itself into the active

site to achieve a stable conformation

similar to that reported for the high-pH

structure of cathepsin D. However, the

possibilities of other adaptive mechan-

isms in order to retain the structure

cannot be ruled out, as it is unlikely that

the N-terminal segment of rhizopus-

pepsin will have a structure at high pH

that is similar to that of the high-pH

form of cathepsin D, since it has no

positively charged residue corre-

sponding to Lys8 of cathepsin D which

blocks and neutralizes the charge of the

active aspartates. The high B factors

and high C� deviations shown in the

loop probably indicate a structural state

of the proteinase in which the N-term-

inal segment is about to dissociate itself

Figure 2
Normalized B factors of C� atoms of rhizopuspepsin at different pH
values.

Figure 3
B-factor representation of rhizopuspepsin at (a) pH 6.0 and (b) pH 8.0. The ®gure was generated
using the program RASMOL v.2.6. Temperature factors increase from blue to red.



from the protein, leading to either an unfolded form as in

porcine pepsin (Tanaka & Yada, 2001) or another stable form

of the protein as in cathepsin D (Lee et al., 1998). However, it

is clear that the structure is in a transition state at pH 8.0. The

following section gives an account of the possible forces that

enable such a conformational change.

3.2. A pH-sensitive region

In their effort to understand and explain the pH-dependent

activity and stability of aspartic proteinases, Andreeva &

Rumsh (2001) examined the role of uncharged polar residues

in the vicinity of the active site, while Lin et al. (1993), based

on solution studies of porcine pepsin, proposed that some of

the acidic residues which are not located very close to the

active site might cause alkaline denaturation of the enzyme.

Since the active-site geometry of rhizopuspepsin remained

unchanged over the pH range 4.6±8, we have focused our

attention on regions containing polar residues which might

bring about any structural changes with varying pH. The

proteinase was visually searched for polar/charged residues

within a sphere of 10.0 AÊ radius. Interestingly, we noticed only

one such region and surprisingly it is very close to the regions

which show high mobility at pH 8.0. Fig. 4 shows the region,

with all residues within a sphere of 7.5 AÊ radius including all

hydrogen bonds between the residues. Furthermore, to ®nd

whether this region being highly polar/charged is a char-

acteristic feature of this family of enzymes, we compared the

equivalent regions in the crystal structures of the active form

of aspartic proteinases from ten other sources (PDB codes

3app, 4ape, 1mpp, 2asi, 1am5, 1psn, 4cms, 4pep, 1lya and 1bsf).

In general, this region seems to be highly rich in charged

amino acids, although the residues are not totally conserved.

While Lys160, Lys162 and Glu325 are not conserved, Asp10

and Asp14 are partially conserved, Lys305 is mostly a lysine or

an arginine and Asp274 is either an aspartate or a glutamate.

The differences in this region found among the members of

the aspartic proteinase family might explain the differences in

pH optimum between different proteinases. At high pH, there

could be a change in the charge distribution among the

ionizable groups of the residues in this region, which in turn

could trigger the movement of the ®rst strand of the inter-

domain �-sheet through the hinge point Asn13. This opens up

scope for many mutational experiments, such as mutation of

any of the charged residues in this region in order to probe the

stability of the enzyme as a function of pH or to design

enzymes that are more stable under conditions away from

their pH optimum. Most of the hydrogen bonds in this region

did not show much variation between the different forms.

However, the hydrogen bonds Lys305 NZ� � �Asp14 OD1,

Glu325 OE2� � �Asn163 OD1, Lys160 NZ� � �Asp274 OD2 and

Glu325 OE1� � �Lys160 NZ, most of which are ionic inter-

actions, became progressively weaker with the increase in pH

from 4.6 to 8.0 (Table 4).

3.3. Hydrogen bonds in different pH forms

Hydrogen bonds between protein atoms were analysed in

all four structures. There is no instance where a main chain-to-

main chain hydrogen bond has undergone any noticeable

change. Similarly, apart from the hydrogen bonds mentioned

in the pH-sensitive region described above and a few changes

involving the ¯ap region, there are no other changes, even

when side-chain hydrogen bonds are considered. This further

con®rms the existence of the pH-sensitive region which plays a

role in pH-dependent conformational changes for regulation

of catalysis.

3.4. Solvent structure

Hydrogen bonds involving all the waters were examined

and compared between the four pH forms. Of these waters,

the 17 conserved waters identi®ed and discussed because of

their functional and structural signi®cance in

the aspartic proteinase family (Prasad &

Suguna, 2002) were analysed more critically.

Hydrogen-bonding interactions involving

these water molecules were almost

conserved except for those with Wat510 and

Wat513, as discussed below. Changes in

solvent structure as the pH is varied are

usually expected near imidazole groups, but

interestingly rhizopuspepsin does not

contain any histidine residues.

Recently, two articles (Prasad & Suguna,

2002; Andreeva & Rumsh, 2001) have

discussed the functional role played by

Wat510, in which it was observed that the

hydrogen bond of this water with Tyr77 OH

Acta Cryst. (2003). D59, 1755±1761 Prasad & Suguna � Rhizopuspepsin 1759
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Figure 4
The pH-sensitive region in rhizopuspepsin. Figs. 4, 5 and 6 were generated using the program
MOLSCRIPT (Kraulis, 1991).

Table 4
Weakening of interactions involving charged residues in the pH-sensitive
region as pH increases.

Distance (AÊ )

Protein atom 1 Protein atom 2 pH 4.5 pH 6.0 pH 7.0 pH 8.0

Lys305 NZ Asp14 OD1 2.71 2.69 2.68 3.02
Glu325 OE2 Asn163 OD1 3.17 3.01 2.92 3.57
Lys160 NZ Asp274 OD2 3.15 3.11 3.20 3.45
Glu325 OE1 Lys160 NZ 3.18 3.42 3.29 3.50
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becomes stronger in the complexes (2.79 AÊ in rhizopuspepsin)

when compared with the native unbound form of the enzymes

(3.03 AÊ ). The same hydrogen bond becomes even weaker at

pH 8.0 (3.36 AÊ ) when compared with the pH 4.6, 6.0 and 7.0

forms (Fig. 5). It is observed that a strong hydrogen bond

between Asp79 OD1, the residue at the tip of the ¯ap, and

Wat760 was broken (4.14 AÊ between these atoms) at high pH.

Consequently, the ¯ap seems to have become ¯exible and

moved away from the active site, which is supported by the

high C� deviations in this region. This movement of the ¯ap

away from the active site further resulted in the displacement

of Tyr77 OH away from Wat510, weakening the hydrogen

bond. This seems to be another strategy by which the aspartic

proteinase can regulate the ef®ciency of catalysis. The weaker

the hydrogen bond between Tyr77 OH and Wat510, the lesser

the catalytic ef®ciency.

The two domains of aspartic proteinases are related by an

approximate twofold axis passing through Wat507. The two

active aspartates are related by this dyad. Wat513 is shown to

be another conserved water which is related to Wat502 by the

same dyad (Prasad & Suguna, 2002). Similar to Wat502,

Wat513 stabilizes the two  -loops by forming hydrogen bonds

with Asp33 OD2 and Thr219 O. It also stabilizes the ¯exible

loop between the two N-terminal �-strands by forming strong

hydrogen bonds with the O and the N atoms of Tyr17 (Fig. 6).

It also forms hydrogen bonds with two other waters, viz.

Wat515 and Wat571. Interestingly, at pH 8.0 Wat513 moves

away from the loop but continues to maintain strong hydrogen

bonds with the  -loops on which the active aspartates are

located and additionally forms two hydrogen bonds with

Wat718 and a new water Wat876 at pH 8.0. Consequently, the

strong hydrogen bonds of Wat513 with Tyr17 N and Tyr17 O

are completely broken, thereby destabilizing the loop, which

could also have contributed to the high B factors and devia-

tions of this region.

The remaining invariant waters (approximately 200 in

number) common to all pH forms were examined using

graphics for any considerable deviations in the hydrogen-

bonding distances. Approximately 10% of the waters showed

gradual changes in the hydrogen bonds. We could identify a

set of ten waters whose hydrogen bonds had become gradually

weaker and another set of ten waters where the hydrogen

bonds had become stronger. Unlike the 17 conserved waters,

which are mostly localized in the N-terminal domain, these

sets of waters do not seem to be localized in any domain or

region in the proteinase. However, it is observed that most of

them are either in the active-site cleft or on the surface. The

hydrogen bonds involving Wat752, Wat760 and Wat571 are in

the active-site region and have become much stronger at

higher pH (pH 8.0) when compared with pH 4.6, 6.0 and 7.0. It

is well known that the waters in the active site are displaced by

the substrate. The implication of the above waters forming

stronger hydrogen bonds is that a higher amount of energy

will need to be expended by the substrate in displacing the

waters under unfavourable pH conditions.

4. Conclusions

An attempt has been made to ®nd the structural basis for the

in¯uence of pH on the function of rhizopuspepsin, one of the

aspartic proteinases, by analysing its structure as a function of

Figure 5
Weakening of the hydrogen bond between Wat510 and Tyr77 OH at pH
8.0. Tyr77 in the native structure (2apr) is shown in black, in the complex
with a reduced inhibitor (3apr) in dark grey and in the pH 8.0 form in
light grey.

Figure 6
Breaking of the hydrogen-bonding network between Tyr17 of the peptide
and the rest of the structure, destabilizing the N-terminal loop at high pH.
The hydrogen-bonding distances are for the structures at pH 4.6, 6.0, 7.0
and 8.0 from top to bottom.



pH. The analysis revealed the beginning of unfolding of the

structure at high pH, manifested by the high temperature

factors of certain loops and the weakening of the interactions

between these loops. We have identi®ed one pH-sensitive

region in the structures of 11 aspartic proteinases. This

observation is expected to suggest a new set of protein-

engineering experiments in this sensitive region to investigate

further the opportunities to develop recombinant pH-resistant

aspartic proteinases which have industrial applications. It is

realised that the sensitivity of the protein to pH is a very

complex phenomenon involving many subtle intra-protein

interactions, including changes in the solvent±protein inter-

actions. While the activity is turned on or off through large

conformational changes, the ef®ciency may be in¯uenced by

changes in some important interactions in the enzyme.
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