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ABSTRACT Comparison of the three-
dimensional structures of native endothiapep-
sin (EC 3.4.23.6) and 15 endothiapepsin oli-
gopeptide inhibitor complexes defined at high
resolution by X-ray crystallography shows that
endothiapepsin exists in two forms differing in
the relative orientation of a domain comprising
residues 190-302. There are relatively few inter-
actions between the two parts of the enzyme;
consequently, they can move as separate rigid
bodies. A translational, librational, and screw
analysis of the thermal parameters of endothi-
apepsin also supports a model in which the two
parts can move relative to each other. In the
comparison of different aspartic proteinases,
the rins values are reduced by up to 47% when
the two parts of the structure are superposed
independently. This justifies description of the
differences, including those between pepsino-
gen and pepsin (EC 3.4.34.1), as a rigid move-
ment of one part relative to another although
considerable distortions within the domains
also occur. The consequence of the rigid body
movement is a change in the shape of the active
site cleft that is largest around the S; pocket.
This is associated with a different position and
conformation of the inhibitors that are bound
to the two endothiapepsin forms. The relevance
of these observations to a model of the hydro-
lysis by aspartic proteinases is briefly dis-
cussed.
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INTRODUCTION

Aspartic proteinases are a class of proteolytic
enzymes characterized by two essential aspartic res-
idues and specific inhibition by the microbial oli-
gopeptide pepstatin. High-resolution X-ray struc-
tures of three fungal (EC 3.4.23.6) and three
mammalian (EC 3.4.23.1) aspartic proteinases are
available: the fungal enzymes include endothia-
pepsin,’* penicillopepsin,®* and rhizopuspepsin®¥;
the mammalian enzymes are pepsin (EC 3.4.23.1),
which has been refined in the monoclinic’® and
hexagonal® crystal forms, chymosin'®!'' (EC
3.4.23.4), pepsinogen,*'* and human renin.'* Coor-
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dinates of several complexes between aspartic pro-

teinases and their oligopeptide inhibitors are also

available. These include the structure of the com-

plex of rhizopuspepsin with its inhibitor!® and 15

structures of endothiapepsin complexes, which have
been solved at Birkbeck College (Table I for names

and references).

The fold of aspartic proteinases consists of two
structurally similar lobes of about 160 residues.'®
Each of these two lobes contributes one aspartate
residue to the active site center, which is buried in
the middle of a long and deep active site cleft at the
interface between the two lobes. The approximate
diad axis of symmetry relating the two lobes passes
through the active site center. The fold consists pre-
dominantly of B-strands, but it also contains several
helices. A structural comparison of mammalian and
fungal aspartic proteinases and different forms of
the same enzyme shows that, although the same sec-
ondary structure elements are used in all cases, the
spatial relationships between some of them are con-
siderably different. See ref. 62 for the latest review
of the structure and function of the aspartic protei-
nases.

Extensive data on specificity, steady- and pre-
steady-state kinetics (ref. 24 reviews early work),
isotope exchange experiments,'” ! a new interpre-
tation of transpeptidation reactions,?***! cryoenzy-
mology,?® and an analysis of the dependence of re-
action on pH?® led to the establishment of the
noncovalent general acid-base model of cata-
lysis®1%24-29 at the expense of the covalent acyl- or
amino-enzyme model 242931 This was supported by
the crystallographic studies which showed that the
geometry of the rigid and buried active site center
does not allow for the formation of a covalent inter-
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TABLE 1. Endothiapepsin Complexes Used in This Analysis

Brookhaven Resolution
Inhibitor code Type Length 7N R-factor  References
BW624 1ER1 Amino alcohol P,—P,’ 2.0 0.21 55
H142 1ER4 Hydroxyl PPy 2.1 0.19 33,34,56-58
H261 * Hydroxyl PPy’ 2.6 0.19 34
H256 1ER6 Reduced P,—P,’ 2.0 0.20 56-58
CP-81,282 * Fluorostatone  P,—Py’ 2.0 0.17 59
1-363,564 1ER9 Statine | S 2.2 0.18 38,56
BW625 * Amino alcohol  P;-Py’ 2.2 0.23 59
CP-69,799 1ER2 AHS' P,—P;’ 1.8 0.16 37
ACRIP 1ERO Statine PP, 3.0 0.19 38
H189 1ER5 Statine PP, 1.8 0.15 59
H77 1ERS8 Reduced PP, 2.0 0.20 59
CP-71,362 1ER3 Hydroxyl PPy’ 2.0 0.19 59
PD125967 2ER1 Hydroxyl P,—P,’ 2.0 0.15 59
H261 1ER7 Hydroxyl PP, 1.6 0.14 59
Pepstatin 2ER2 Statine PP, 2.0 0.16 59

*This complex is being deposited to Brookhaven
"AHS, azahomostatine.

mediate during catalysis.® The same conclusion was
reached from the X-ray analyses of fungal enzymes
complexed with oligopeptide inhibitors.®?%3? The
mode of binding of the inhibitors allowed modeling
of the transition state of the hydrolysis. These stud-
ies together with kinetic experiments played a ma-
jor role in elucidation of some aspects of the aspartic
proteinase mechanism and in the design of potent
inhibitors (see ref. 34 for a review).

However, the crystallographic data were not suf-
ficient to rationalize all experimental evidence from
kinetic studies. For example, the structural details
of transpeptidation reactions,2%:2":3! the reasons for
the differences in hydrolysis of short and long sub-
strates, where k_,, increases sharply but K re-
mains constant,?**% and the precise nature of mul-
tistep inhibitor binding®® are still not clear. A
tentative interpretation of these processes involved
conformational changes in the enzyme. The crystal-
lographic structures known at the time gave no in-
dications of a major conformational change in the
enzyme that might take place during catalysis. The
only exception was a movement of the “flap” (B-
hairpin 73-82) that covers the active site center.
The “flap” has to open to allow the access of the
ligand into the active site cleft and occupied a
slightly different position in the complex than in the
unliganded state.®?

In this paper, we extend the description of confor-
mational changes associated with inhibitor binding
to endothiapepsin®’ and with activation of pepsino-
gen to pepsin.® We show that a large part of the
conformational variability in the aspartic protein-
ase family as a whole can be accounted for by a rigid
body movement of the C-domain (190-302) relative
to the rest of the molecule. We discuss the relative
orientations of the two rigid bodies in terms of an
interface structure and TLS analysis of thermal mo-
tions. We use 15 inhibitor complexes with endothi-

Protein Databank.5%-6!

apepsin to describe the consequences of the rigid
body movement for the shape of the active site cleft
and for the conformation and position of the ligand
in the cleft. Finally, we discuss implications of these
observations on the conformational variability for
the mechanism of aspartic proteinases.

MATERIALS AND METHODS
Structures

Structures analyzed in this paper include 15 en-
dothiapepsin complexes (Table I) and eight forms of
five different aspartic proteinases (Table II). Endo-
thiapepsin-inhibitor complexes can be crystallized
in two different unit cells (Fig. 4): one isomorphous'
to native endothiapepsin and one not.®

Definition of Rigid Bodies

A difference distance matrix is frequently used to
represent conformational differences between two
related molecules.?® It is defined as the absolute dif-
ference between the two C_ distance plots of the mol-
ecules compared. A difference distance matrix was
used to define rigid bodies for native and inhibitor
bound endothiapepsin. The same division was later
justified for other comparisons by corresponding dif-
ference distance plots, least-squares superpositions,
and inspection on a graphics terminal. Where differ-
ent enzymes were compared the alignment used was
obtained by the program COMPARER *°

Definition of Rigid Body Movement

Rigid body movement is best described in terms of
a screw transformation. A translation along and a
rotation around a line in space are specified, such
that one rigid body moves from its relative position
in the first molecule to its relative position in the
second molecule. The parameters of screw transfor-
mation were obtained from two least-squares super-
positions: the first one was the superposition of the
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TABLE IIL Aspartic Proteinases Used in This Analysis

Resolution
Protein Code {A) R-factor  Reference
Endothiapepsin 4APE* 21 0.18 1,2
Endothiapepsin-CP-69,799 1ER2* 1.8 0.16 37
Penicillopepsin ZAPP* 1.8 0.14 3,4
Rhizopuspepsin 2APR* 1.8 0.14 5.6
Rhizopuspepsin-reduced bend inhibitor ~ 3APR* 1.8 0.15 15
Porcine pepsin MON" 2.0 0.18 9
Pepsinogen PGEN* 17 0.21 13
Calf chymosin CHY* 2.2 0.20 10

*These structures were deposited to Brookhaven Protein Data Bank. The same code is used here,
Porcine pepsin refined in a monoclinic unit cell (MON) is essentially identical to hexagonal pepsin® that
was deposited to Breokhaven Protein Data Bank with the code 2PEP.

*These structures appear in the April 1990 release of the Brookhaven Protein Data Bank. The
Brookhaven codes for chymosin and pepsinogen are 3CMS and 1PSG, respectively.

reference rigid bodies and the second one was the
superposition of the moving rigid bodies starting
from the orientation obtained in the first step. The
rotation matrix and the translation vector acquired
in the second step were then expressed in terms of
the screw parameters.*’ Each least-squares super-
position started with a list of equivalent C, atoms
from the alignment by COMPARER®*® but that list
was then iteratively reduced until all C, atoms in
the list were at a distance of = 3.0 A from their
equivalents in the other molecule. This ensured that
local distortions in loop regions did not influence the
estimate of the global rigid body movement.

TLS Analysis

In the most general harmonic model of thermal
rigid body motion in molecules, the motion is de-
scribed by T, I, and S tensors.*? Kinematically, it is
possible to express this general motion as a sum of
six simple independent metions: three translations
and three screw motions *? A simplifying assump-
- tion was made here that motion of a rigid body can
be deseribed by one screw oscillation only such that
the displacement vector is

u = kltn + (A — Aglnl. (1)

The position of each atom in the rigid body changes
as parameter k assumes values between —e and + =
with probability p(k)dk, where p(k) is any probabil-
ity density function with mean equal to 0. Parame-
ter ¢ determines the pitch of the screw; it is the
translation corresponding to 1 radian rotation. Col-
umn vector n is a unit vector on the screw axis.
Matrix A contains Cartesian coordinates of the mov-
ing point (x,y,2):

0 =z -y
A= =z 0 x
y —x 0

Matrix Ag is an equivalent matrix consisting of co-
ordinates of any point on the screw axis.

The screw motion defined in Eq. (1) results in the
following 7', L, and S tensors

"

T = o’MNMT
L = o?N
S = o®NMT (2)

where M = (I — Ag) and N = nn”. ¢ is standard
deviation of p(k) and measures a magnitude of the
motion. Note that the ability of a certain screw mo-
tion to account kinematically for given T, L, and S
tensors does not prove that this screw motion is the
actual trajectory of the rigid body in the crystal lat-
tice,

The isotropic temperature factor B,,, of any atom
can be calculated from the T, L, and S tensors using
the following relations*®*4;

U=T+ ALAT + AS + 87TAT
B w2Vstrace(L)),

isio (3}

The least-squares refinement program
RESTRAIN®*%% was used to calculate 7, L, and 8
tensors for the two rigid bodies of the endothiapep-
sin—CP-69,799 complex. The RESTRAIN program
was first modified to allow discontinuous rigid bod-
ies consisting of any type of atoms. Main chain at-
oms only were included in the calculation of the ten-
sors. The initial tensors for the start of refinement
were caleulated from Egs. (2) using screw motion
parameters as determined from the comparison of
the native and CP-63,799 bound endothiapepsin
(Table III). Ten cycles of refining T, L, and S tensors
simultaneously with positions of all atoms and iso-
tropic temperature factors for atoms other than
those in protein main chain resulted in the refined
T, L, and S tensors. Finally, the overdetermined sys-
tem of Eqs. (2) was solved by Newton-Raphson and
linear least-squares methods to obtain a single
screw motion best accounting for the refined 7', L,
and S tensors. This screw motion is described by a
position of the screw in space, Ap, orientation in
space, n, pitch of the screw, 2w, and standard devi-
ation of rotation, o. If we assume a Gaussian distri-
bution for rotation, then rotational displacement
from an equilibrium position will be within %o for
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66.7% of time. The details of this new method for
analysis of dynamic rigid body motion based on X-
ray data will be published elsewhere (ref. 46 and A.
Sali and D.S. Moss, in preparation).

Principal Components Analysis of Rigid
Body Orientations

Principal components analysis is a standard clus-
tering technique?” that projects a set of points from
a higher to a lower dimensional space in such a way
that the first axis in the lower dimensions accounts
for the largest possible fraction of variance among
the original data points. The second axis accounts
for the largest possible fraction of the remaining
variance, etc. If it happens that only a small number
of these principal axes account for a large fraction of
the original variance then considerable simplifica-
tion in the representation of original relationship
between the points is possible by plotting them in
the lower dimensional space.

The relative orientation of two rigid bodies can be
described by six independent parameters [cf. Eq.
(1)]. These parameters specify a point in a six-di-
mensional space. However, because they depend on
an arbitrary choice of the reference structure, such a
simple description of a rigid body orientation is bi-
ased. Bias can be removed by using, in turn, each
structure as a reference when describing relative
orientation in one protein and then joining individ-
ual parameter sets. In our analysis of a seven mem-
bered family, seven sets of six coordinates were
joined in a 42-dimensional vector specifying an un-
biased relative orientation of the two rigid bodies in
one protein. These seven 42-dimensional vectors can
then be subjected to a standard principal compo-
nents analysis*? to reduce the number of dimensions
still accounting for a large fraction of the original
variance. Before the eigenvalues/eigenvectors prob-
lem was solved, the vectors were normalized, so that
the mean and variance of the rotational and trans-
lational components of the seven vectors were 0 and
1 respectively.*’

Miscellaneous

Mainchain hydrogen bonds were found by pro-
gram DSSP*® using an energy cutoff of —1.0 keal/
mol. Hydrogen bonds involving side chains were de-
fined using a simple 3.5 A cutoff for the distance
between any protein donor and acceptor atoms. This
cutoff was relaxed to 3.6 A when water molecules
were included in the analysis. Hydrophobic contatts
were obtained as in ref, 40. Solvent contact areas of
residues were calculated by the algorithm of Rich-
mond and Richards.*® The interface between the two
rigid bodies in endothiapepsin was defined as a
union of residues obtained by three criteria: (1) Res-
idues with at least one atom closer than 4.5 A to any
atom from the other rigid body. (2) Residues that
lose more than 2 A2 of their solvent contact area

when the two artificially separated rigid bodies form
the folded structure. (3) Residues that are hydrogen
bonded via water molecules to any residue in the
other rigid body.

RESULTS
Fold of the Aspartic Proteinases

A conventional starting point for the description
of the architecture of the aspartic proteinases is a
division of the fold into two structurally similar
lobes.’® However, as the interface between these two
lobes involves a well defined six stranded @-pleated
sheet, we may alternatively divide the molecule into
three parts (Fig. 1). In this description, there are two
mainly p-sheet domains—the N- and C-domains—
that provide the active site cleft and are also related
by a diad axis of symmetry. These are packed on top
of the third part, a central motif involving the inter-
fobe B-sheet and a helix at each end. The C-domain
is more clearly separated from the rest of the mole-
cule than the N-domain (Fig. 1). Superposition of the
C, backbones of seven forms of five different aspar-
tic proteinases establishes that by far the largest
differences across the family as well as between dif-
ferent forms of the same enzyme involve the C-do-
main (Fig. 1).

The diad axis of symmetry implies similarity be-
tween the conformation and orientation of the N-
and C-domains. However, there are many important
differences between these two domains that may ex-
plain why the conformational changes described
later do not occur symmetrically with respect to the
aspartic proteinase fold as a whole. First, the neigh-
boring edge strands of the central motif (a, —2-7)
and the N-domain (b, 13—20) are much closer than
the equivalent strands in the C-domain (a’, 179
184, b’, 190-199). The average distance between
juxtaposed C, atoms of residues 3—7 and 17-13 is
5.5 A whereas the equivalent distance in the C-do-
main is 6.6 A. This results in the gap between the
central motif and the C-domain that does not occur
in the N-domain. Second, the conformational differ-
ences between the two domains include the presence
of the short 3,, helix (269-274) in the C-domain
that interfaces to the central motif via the «-helix
304-310. There is no equivalent of the helix 269
274 in the N-domain. Additionally, while the N-do-
main can be viewed as composed of two 3-sheets 1y
and 2y,” the sheet 2, of the C-domain has a definite
discontinuity at strands 243-246 and 289-285.
These two strands are not hydrogen bonded to each
other, contrary to the equivalent strands 80—87 and
108-99 in the N-domain. Third, a major difference
between the two domains is the presence of the long
B-hairpin “flap” (71-82) and a-helix 108114 in the
N-domain. When the ligand binds, the “flap” con-
tributes to S,, S,, and S, pockets whereas the helix
contributes to binding the P, residue. The “flap” is
just a short turn (241-244) in the C-domain and the
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Fig. 1. Structural organization of aspartic proteinases. (a} Secondary structure ribbon diagram
for endothiapepsin. (b) Aspartic proteinases listed in Table Il superposed an their central motits and
N-domains; for clarity, the amino-terminal part of pepsinogen up to the residue 12 {pepsin num-

bering) is not shown,

helix does not exist at all breaking dramatically the
symmetry of the binding pockets.

Definition of Rigid Body in Endothiapepsin

A difference distance plot (Fig. 2) shows the con-
formational changes in endothiapepsin when the oli-
gopeptide inhibitor CP-69,799 binds into its active
site cleft. If one neglects local distortions such as
those involving the “flap,” this plot shows that there
are only two parts of the structure that retain their
internal conformation but change their spatial rela-
tionship when the inhibitor binds. Thus the two
rigid bodies in endothiapepsin with respect to the
inhibitor binding are defined. The first rigid body
comprises residues —2 to 189 and 303 to 326 and the
second rigid body consists of residues 190 to 302,
This division is in complete accord with the tripar-
tite description of the aspartic proteinases fold: the
first rigid body comprises both the central motif and
the N-domain and the second rigid body corresponds
to the C-domain.

Definition of the Rigid Body Movement
in Endothiapepsin

The description of the rigid body movement in
terms of the screw motion (Fig. 3) shows that the
conformational change involved a4° rotation around
and a negligible translation along the screw axis
that passes approximately through the active site
center (Table III, the first line). The rms value for
the two C-domains is 1.47 A when only the central
motifs and N-domains are used in the least-squares
superposition (Table III). This is decreased to 0.46 A
(31% of the original value) when the two C-domains
are separately superposed (Table ITI). This large re-
duction justifies description of the conformational
transition as a rigid body movement as opposed to
distortion within the C-domain.

The movement corresponds to changes in the rel-
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Fig. 2. Definition of rigid bodies in endothiapepsin. The upper
half of this plot contains one-hall of the symmetrical difference
distance matrix obtained from the comparison of native endothi-
apepsin and the endothiapepsin molecule from the CP-69,799
complex. Shades of gray indicate dilferences in distances with
white and black for values smalier and larger than 0.2 and 1.5 A,
respectively, One cell contains an average for the 2 x 2 residue
by residue mask. The black lines divide the molecule into three
parts that retain their internal conformation. The first rigid body s
formed from the first and last part of the chain. The middle part of
the chain is the second rigid body. The lower half contains a black
square at position (i) if residues / and f are in a hydrophobic
contact*® in native endothiapepsin.

ative positions of the C, atoms of up to 2.5 A.
Changes in the active site cleft become appreciable
(= 1.5 A) at the S; pocket formed in part by the
c-helix 108-114; the cleft opens when the inhibitor
binds. After the “flap” B-hairpin, this helix under-
goes the next largest decrease in thermal mobility of
all regular secondary structure elements when the
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Fig. 3. Geometry of the rigid body movement in endothiapep-
sin—inhibitor complexes. The movement of the second rigid body
(C-domain) relative to the first one (central motif and N-domain) is
described in terms of the screw motion. Thick line, native endo-
thiapepsin; thin line, the second rigid body ol the complex be-
tween endothiapepsin and H261. The orientation of this inhibitor

inhibitor binds.®” The average isotropic tempera-
ture factor of the helix falls from 37 to 16 A% There
is a further local movement of this helix of = 0.8 A
in roughly the same direction as the global rigid
body movement, This indicates that this could be the
contact point on the enzyme used to trigger the gross
conformational change by the ligand in the active
site cleft. However, the reasons for a decrease in the
average isotropic temperature factor and a posi-
tional change of this helix cannot be attributed un-
equivocally to the ligand binding because some of
the helix residues are in contact with a neighbour-
ing molecule in the unit cell of the inhibitor complex
but not in that of the native enzyme,

Tigure 4 shows the magnitude of rigid body
changes for all 15 endothiapepsin—inhibitor com-
plexes. In all cases, the orientation of the screw axis
is the same as for the example described above. 1t is
apparent that two forms of endothiapepsin exist.
The first one with a very small rotation and trans-
lation is very close to the native endothiapepsin; the
second one with = 4° rotation and a very small
translation of = 0.3 A is the form discussed above.
Several conclusions can be easily made. First, there
is no correlation between the chemical type of the
P,—P,’ bond of the inhibitor and the relative orien-
tation of the rigid bodies, except that the statine
inhibitors tend to associate with lower displacement
from native conformation within each group of the
complexes. Second, there is a clear but not an exclu-
sive association of the rigid body movement with the
nonisomorphous crystallographic unit cell. Third,
the P, and/or P, residues of the ligand seem to be a
necessary but not a sufficient condition for the rigid
body movement to occur, since the absence of the P,
and P, residues is the only outstanding feature of
the BW625 inhibitor that crystallizes in the noniso-
morphous unit cell and exhibits very small rigid
body movement.

Comparison of Aspartic Proteinases

Figure 1 shows that most of the structural vari-
ability in the aspartic proteinase family involves the

complex is obtained from the superposition of its first rigid body
with the first rigid body of the native endothiapepsin. The H261
complex is shown as a representative of the predominantly non-
isomorphous group of inhibitor complexes lhal includes CP-
69,799 inhibitor (Fig. 4).
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Fig. 4. Magnitude of the rigid body movement in 15 endothi-
apepsin-inhibitor complexes. A rotation and a translation compao-
nent are specified for all 15 inhibitor complexes. In addition, the
type of crystallographic unit cell is indicated by an empty circle for
an isomorphous and a filled square for a nonisomorphous unit
cell.

C-domain which corresponds to the second rigid
body in endothiapepsin inhibitor binding. Therefore,
the rigid body movement analysis including differ-
ence distance plots and screw movement fitting was
extended from the endothiapepsin complexes to the
whole family. A detailed description of some of the
comparisons is presented in Figure 5 and Table III.
Difference distance plots (data not shown) and a
large reduction in the rms deviation between the
second rigid bodies when the rigid body movement is
allowed (Table ITI) confirm that the rigid body move-
ment is also a convenient way of accounting for a
large part of the differences within the aspartic pro-
teinase family as a whole.

Principal components analysis (Fig. 5 of rigid
body orientations in the aspartic proteinase family
separates mammalian members from fungal ones.
Within the marnmalian group, the zymogen of pep-
sin is separated from pepsin and chymosin. Within



164 A.SALIET AL.
TABLE III Rigid Body Movement in Aspartic Proteinases*
$

. R - rms ratio
Proteins Screw axis’ Magnitude* Rigid body rms (A) 2 after/
compared Direction Displacement (&) 6 (%) ¢ (A 1 after™ 2 before'* 2 after™ 2 before
4APE-5APE —.608, —.775, -.175 2.6, 2.9, 3.4 4.0 -0.29 0.43 (221:221) 1.47 046 (111:111) 31
4APE-APP —.339, ~.046, —.940 1.6, -1.6, 0.5 9.9 0.44 0.80 (215:209) 2.02 1.171(104:85) 58
4APE-MON —.344, —.191, —.919 2.2, -0.6, —0.6 17.6 -0.14 1.08 (209:196) 3.36 1.71(105:82) 51
5APE-PGEN -.446, .207, —.871 0.9, —-0.9, —0.7 17.6 -0.24 1.15 (207:184) 3.25 1.58 (105:78) 49
2APP-2APR 706, —.491, 511 -2.3,23,54 2.9 -0.06 0.99 (212:200) 1.67 1.411103:9D) .84
2APP-CHY -.193, —.135, —.972 5.8, -28, ~08 6.1 -0.33 1.11 (208:194) 1.80 1.28 (98:84) 71
MON-PGEN —.664, .638 .389 -27,04, -53 6.5 —-0.45 0.77 (211:193) 1.99 1.22(111:105) 61
MON-CHY 255, .663, .704 ~8.3,5.1, -1.8 4.0 -0.12 0.82 (215:213) 1.33 0.91(104:104) .69
PGEN-CHY 931, —.344, .121 0.2, 0.9, 0.9 5.7 -0.58 0.96 (211:191) 2.08 0.97 (104:103) 47

*All screw axes are directly comparable: they were transformed applying the transformation from the superposition of the first rigid
body of the first molecule in the comparison to the endothiapepsin’s (4APE) first rigid body.

"Direction cosines and location of the axes are specified. The location is described by a displacement vector of the point on the axis
closest to point P where point P was found by minimizing the sum of squared distances from it to all the axes. In the 4APE coordinate
system point P is (24.0, —10.9, 7.2) and is only 6 A away from C, atoms of residues 212, 215, and 303.

*A'rotaton (8) around, and translation (¢) along the screw axis are specified.

*C,, atoms found equivalent in the local fit of carboxyl-terminal rigid bodies were used in both rms calculations for the second rigid

body.

“"The rms deviation for the first rigid bodies as obtained from the local superposition of the first rigid bodies only. The two numbers
in parentheses (N:M) are the numbers of equivalent C atoms: N is the number of initially equivalent residues as inferred from the
alignment obtained by the program COMPARER?*® and M is the final number of equivalences obtained from the refinement of the
rigid body superposition by iterative least-squares fitting (see also the section Definition of rigid body movement in the Methods).
Relatively small differences between the two numbers demonstrate that the larger parts of the enzymes do move as rigid bodies.
"The rms deviation for the second rigid bodies as obtained from the superposition of the first rigid bodies only.

*The rms deviation for the second rigid bodies as obtained from the superposition of the second rigid bodies only.
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Fig. 5. Principal components analysis of the rigid body orien-
tations in the aspartic proteinase family. The first two principa!
components, p and g, account for 91.4 and 4.9%, respectively, of
the original variance among the seven orientations examined. For
both principal components, loads of original rotation and transla-
tion coordinates are approximately the same; therefore, no sim-

the fungal group, endothiapepsin forms are sepa-
rated from rhizopuspepsin and penicillopepsin,
which are also significantly closer to mammalian
enzymes than endothiapepsin forms. This could con-
tribute to the failure of endothiapepsin and success
of penicillopepsin and rhizopuspepsin as the search
models for the molecular replacement technique in
the X-ray analysis of pepsin.®*? In the whole family,
penicillopepsin and rhizopuspepsin are the only en-
zymes with identical rigid body orientation, as
judged by the small rotation angle and only small
improvement in the rms distance when the move-

plification by neglecting some rotations or translations is possible.
Relationships detailed in Table lil are indicated by a line connect-
ing the two proteins in the comparison. Angle of rotation and
fractional improvement in the rms deviation for the second rigid
body when rigid body movement is allowed are also shown—see
Table 1l for further details.

ment is allowed. All other enzyme pairs have signif-
icantly different rigid body orientations. The mag-
nitude of the rigid body rotation in the family ranges
from 2.9° for penicillopepsin—rhizopuspepsin to 17.6°
for endothiapepsin—pepsin comparisons. The latter
is equivalent to 11 A positional differences for C,
atoms distant from the axis. In all cases, translation
is negligible compared to rotation. To put these
numbers into perspective, a survey of the families of
multidomain proteins showed that usually the dif-
ferences in relative orientation of domains involve
less than 1.0° rotation and improve the rms distance
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Fig. 6. TLS analysis of the rigid body motion. Three different
types of main chain isotropic temperature factors smoothed by the
running window of five residues are shown. Thick line, isotropic
temperature factors refined directly,*® Thin line, isotropic temper-
alure factors calculated from the 7, L, and S tensors refined by
RESTRAIN [Egs. (3)]. Dashed line, isotropic temperature factors

by less than 20% (A. Sali, unpublished results; com-
pare with Table III).

The complex between an oligopeptide inhibitor
and rhizopuspepsin'® is the only aspartic protein-
ase—inhibitor complex besides endothiapepsin com-
plexes that was deposited to Brookhaven Protein
Databank. Rigid body movement in rhizopuspepsin
{(Table IID), if any, is comparable in magnitude to the
endothiapepsin complexes with the native-like ori-
entation of rigid bodies (Fig. 4). The only large con-
formational difference involves the “flap” region
moving relative to the rest of the enzyme. The rigid-
ity in rhizopuspepsin may be provided by the crystal
packing: the rhizopuspepsin complex was prepared
by soaking the inhibitor in the formed enzyme crys-
tal whereas all endothiapepsin complexes were co-
crystallized.

Although the precise geometry and magnitude of
the rigid body movement in pairwise comparisons of
aspartic proteinases vary from case to caze (Table
11I), the main features of the movement are the
same. First, the same division in the two rigid bodies
applies. Second, screw axes zalways pass roughly
through the interface between the rigid bodies in the
vicinity of the two main chain segments that con-
nect the two parts (Table III). These two parts also
happen to be near the tips of the two loops carrying
the essential aspartates 32 and 215, Third, the
movement is associated with geometrical changes
that are largest around the S; pocket.

TLS Analysis

The T, L, and S tensors, refined by
RESTRAIN,*%5 for both rigid bedies in endothia-
pepsin-CP-69,799 complex were obtained as de-
scribed in the Methods, Figure 6 shows that the iso-
tropic temperature factors calculated from these
tensors [Egs. (3)] have very similar values to those
obtained directly from an isotropic temperature fac-
tor refinement.*® This indicates that a significant

150 200 250 300

residue index

calculated from the single screw motion fitted to the refined T, £,
and S tensors [Egs. (2)-(3)]. The average isotropic temperature
faclors for the three models are 11.2, 8.9, and 4.4 A?, respec-
lively. The Pearson cross-correlation coefficients between the first
two, the first and the last, and the last two curves are 0.69, 0.62,
and 0.86, respectively.

fraction of the protein dynamics and static disorder
can be described by a rigid body motion.

The single screw motion calculated from Egs. (2)
accounts for the isotropic temperature factors of the
enzyme [Egs. (3)] almost as well as the original re-
fined T', L, and S tensors (I'ig. 6). This indicates that
the rigid body motion can be at least kinematically
approximated by a single screw oscillation.

The orientations and positions of the screw axes
obtained from the TLS analysis for the two rigid
bodies are very similar to these of the axis used to
describe the static change: for the first rigid body,
the angle between the two screw axes is only 16° and
the distance 1.2 A (the standard deviation of rota-
tion around the screw is 3.5°, translation is negligi-
ble); the numbers for the second rigid body are 45°
and 0.9 A (the standard deviation for rotation is
2.8%). These results are consistent with the two rigid
bodies of the molecule oscillating in a manner that
leads most directly to the other equilibrium orien-
tation (Figs. 3 and 4) when enough energy is accu-
mulated to climb the activation energy barrier.

The single screw-axis model derived from the re-
fined 7', L, and S tensors describes atomic displace-
ments in the enzyme with only six parameters for
each of the two rigid bodies. From Figure 6 it can be
seen that this very simple model accounts for 39% of
the mean-square displacement observed with the
full isotropic least-squares model which requires
2389 thermal parameters.

It is generally the case that the isotropic temper-
ature factor in proteins correlates very strongly with
residue solvent accessibility or distance from the
molecular gravity centre. The reason for this corre-
lation is thermal flexibility of exposed smaller parts
of the structure such as loops and not motion of a
larger rigid body as a whole. TLS analysis cannot
distinguish on its own between the two phenomena.
As expected, the cross-correlation coefficient be-
tween the directly refined isotropic temperature fac-
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tors and the smoothed fractional residue contact
area in endothiapepsin~CP-69,799 complex is just as
high (0.67) as the coefficient between the former and
the isotropic temperature factors calculated from
the refined T, L, and S tensors (0.69). However, two
alternative geometrical models for rigid body move-
ment, rotation of the two rigid bodies around their
gravity centers and rotation around the axes
through their gravity centers that are also perpen-
dicular to the static screw axis (Table III), result in
cross-correlation coefficients of only 0.41 and at
most 0.31, respectively. These are significantly
weaker correlations than the one provided by the
TLS model and they indicate that rigid body motion
does contribute to the overall mobility in endothia-
pepsin in addition to wuncorrelated motions of
smaller parts of the structure.

Structural Background for the Rigid
Body Movement

The two rigid bodies of aspartic proteinases com-

prise separate parts of the structure and the bound-
ary between them is evident, both from the trace of
C, backbone (Fig. 1) and from the two-dimensional
plot of hydrophobic contacts (Fig. 2). The interface
between the rigid bodies in endothiapepsin consists
of 12 potentially charged residues (9 negatively, 3
positively), 15 polar and 53 nonpolar residues (Fig.
7). Altogether, these 80 residues represent a signif-
icant fraction of the total of 330 residues. The rigid
bodies are held together by two mainchain segments
at residues 190 and 303, by van der Waals contacts,
1 side chain-side chain hydrogen bond, 3 main
chain-main chain hydrogen bonds, 10 side chain—
main chain hydrogen bonds, and a number of hydro-
gen bonds mediated by 13 water molecules. There
are no jon pairs at the cutoff distance of 5 A. Differ-
ences between the CP-69,799 complex and the na-
tive enzyme are limited to absence of three of the 13
bridging water molecules, to addition of four new
water molecules and to minor changes in some van
der Waals contact distances.

The most intimate contact is made between the
tips of the two active site loops containing catalytic
aspartates 32 and 215. The two loops are engaged in
a side chain-main chain hydrogen bonding network
called a “fireman’s” grip.?® Additionally, there is a
contact between the helix 303-309 from the first
rigid body and the 3,, helix 269274 from the sec-
ond rigid body. While the disposition of the active
site loops remains essentially unchanged during the
movement as a result of the screw axis passing
through them, a change in the relative orientation
of the two helices can be rationalized by the helix
interface shear mechanism. The shear mechanism
was proposed to be a general way of accomplishing
the conformational variability in «-helical proteins
by allowing differences of up to 1.5 A in a relative
helix orientation brought about by small adjust-

ments between the side chains in contact.?® This de-
scription fits precisely the changes in the relative
orientation of the two helices as well as the whole
rigid bodies (Figs. 6 and 8). Additionally, the unfa-
vorable atomic contacts resulting from the rigid
body movement are dissipated further by very small
movement of the 303-309 helix relative to the first
rigid body (Fig. 2).

Consequences of the Rigid Body Movement
for the Ligand Position and Conformation

Comparison of the positions and conformations of
the inhibitors bound to different enzyme forms, each
with a different orientation of the rigid bodies, pro-
vides an opportunity to study how the rigid body
movement affects the relative position and confor-
mation of ligands in the active site cleft.

To increase the accuracy of the comparison, the
complexes were first superposed on their C-domains
and the averages of positions for mainchain atoms
within the two groups of inhibitors were calculated
(Fig. 9). For comparison, these averages were used
instead of the individual structures. The averaging
was justified a posteriori by the deviations of the
mainchain atoms from the average being in the or-
der of the experimental error in coordinates or
smaller (= 0.25 A).

Relatively large rms deviation of 0.73 A for the
two averages means that the positions and/or con-
formations of the two ligand averages relative to the
C-domain are significantly different. The movement
of the inhibitor mainchain relative to the C-domain
can be described as a screw motion involving a
—~0.34 A translation along and a 4.7° rotation
around the screw axis. When the movement relative
to the larger rigid body is considered the 0.13 A
translation and 3.8° rotation occur. A relatively
small rms deviation of 0.33 A after the superposition
of the inhibitor averages shows that the conforma-
tions of the two ligand types are not very different.
However, that there are real differences is supported
by the fact that this rms deviation is still larger than
the one expected by chance when the rms error in
the atomic positions of individual inhibitors is 0.25
A: then the expected rms deviation in the positions

_of the averages of five inhibitors is 0.11 A (0.25/V5)

and the expected rms deviation between two such
averages is only 0.16 A (V2 x 0.11). The movement
of the inhibitor as a whole and the internal distor-
tion result in relative positional changes of upto 1 A
for the main chain atoms of the P, residue.

DISCUSSION

In the previous section, it was shown that a rela-
tively large change in the shape of the active site
cleft in endothiapepsin occurs as a result of the rigid
body movement of the C-domain relative to the rest
of the molecule. It was also demonstrated that the
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Fig. 7. Schematics of the rigid body interface in endothiapep-
sin. Residues forming the interface between the two rigid bodies
are shown together with their secondary struclure assignments:
ampty rectangle for helix, filled bold line for p-strand, and a line for
unordered structure. For clarity, different types of interaction are
separated into three diagrams. (a) Two main chain connections
are shown by bold lines, main chain-main chain hydrogen bonds
by thin comtinuous lines, one side chain-side chain hydrogen

bond by a dotted line, and main chain-side chain hydrogen bonds
by dashed lines. (b) Hydrogen bands between the two rigid bodies
mediated by water molecules. Large filled circles are waler mol-
ecules present in the native and inhibilor bound endothiapepsin
whereas large empty and small filled circles correspond to water
molecules that occur, respactively, in nalive and inhibitor bound
endothiapepsin only. (¢) van der Waals contacts are shown for
native endathiapepsin only.

Fig. 8. The helix interface shear mechanism of the two helical segments at rigid body interface.
The two pairs are superposed on the helix 303-309, which is from the first rigid body. 3,, helix
269-274 Is from the second rigid body. Filled line, native endothiapepsin; open line, endothiapep-

sin-CP-69,79% complex.

same type of a conformational change accounts for
about 50% of the variability in three-dimensional
structures among different enzymes in the aspartic
proteinase family. Further, the TLS analysis of ther-
mal motion in the endothiapepsin—-CP-69,799 crys-

tal showed that atomic mobility is consistent with
the division into two rigid bodies oscillating around
the screw axes that are similar to the screw axis
transforming one endothiapepsin form into the
other. And finally, this rigid body movement may be
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Fig. 9. Plot of the endothiapepsin active site cleft with the
average atomic positions for the two inhibitor groups. The native
endothiapepsin is shown in thick line. All other structures are su-
perposed with their second rigid bodies on the second rigid body
of the native endothiapepsin: the first rigid body of endothiapepsin
in the CP-69,799 complex (thin line), average of positions of main

associated with changes in the conformation and rel-
ative position of up to 1 A of the inhibiter in the
active site cleft. These differences may be even
larger in a substrate that does undergo a change in
the stereochemistry of the scissile peptide bond.

In endothiapepsin and pepsin, the conformational
change is associated with the presence of the oli-
gopeptide in the active site cleft, inhibitor in endo-
thiapepsin and propart in pepsin, although other
factors such as crystalline packing forces may also
be responsible. Unfortunately, it is not yet possible
to choose between the two alternatives for the driv-
ing force of the conformational transition: ligand
binding or crystal environment. The crystallization
of the BW625 complex with endothiapepsin in the
nonisomorphous unit cell, yet with the native like
orientation of rigid bodies, indicates that it is the
occupation of the Sy and/or S, pockets that induces
the conformational change (Table I, Fig. 4) since the
absence of the P, and P, residues is the only out-
standing feature of the BW625 inhibitor. The facts
that small conformational changes similar to the
rigid body movement occur in all endothiapepsin
complexes (Fig. 4) and that the monoclinic and hex-
agonal pepsin forms have the same conformation (A.
Sali, unpublished) also point to the ligand binding
as a likely factor contributing to the conformational
change. On the other hand, the crystallization of the
H261 complex in the isomorphous and nonisomor-
phous unit cell with native and nonnative like ori-
entation of the rigid bodies, respectively, indicates
that the conformational change is either a cause, a
consequence, or an accompanying feature of a certain
crystal environment,

Even if crystal packing influences the relative ori-
entation of the two rigid bodies, the fact remains
that the fold of endothiapepsin and probably of the
other aspartic proteinases can exist in a delicate

chain atoms N, CA, CB, C, and O for the inhibitors bound to
endothiapepsin with the native-like orientation of the rigid bodies
{thick ling), and the main chain average for the other group of
inhibitors (thin line). Atoms of the scissile bond surrogate are
missing because of the variable stereochemistry at this position.

equilibrium between two forms differing consider-
ably in the shape of the active site cleft. It is also a
fact that the two forms are able to interchange as a
result of a stimulus from the environment, possibly
as a result of filling in the S; pocket. In this context,
it is reasonable to propose a working hypothesis that
this structural flexibility plays a part in the func-
tion of the aspartic proteinases. It could serve to in-
crease both the turnover and specificity in the hy-
drolysis of peptide bonds.

It has been suggested before that some of the steps
in the catalysis by aspartic proteinases involve a
conformational change in the enzyme.243551 This
was based mainly on the = 1000-fold increase in %k,
and virtually no change in X_, when the P, residue
is added to the substrate. However, the same effect
could also be due to nonproductive binding of short
substrates'® or distortion of the substrate itself.®*

The enzyme distortion hypothesis was that the Py
residue, by occupying the S; pocket, uses most of its
binding energy to trigger the conformational change
in the enzyme, a change which decreases the acti-
vation energy of the rate-limiting step and thereby
increases k,,. There are several pieces of evidence
which support this view. The Arrhenius plots of the
hydrolysis of long substrates have a sharp break
which has been shown to correlate with a break in
the temperature dependence of the intensity of a cir-
cular dichroism band at 242 nm in a pepstatin
complex.®® The Arrhenius plot is linear for short
substrates, as is the temperature dependence of the
242 nm circular dichroism band of the free
enzyme.®® The break in the Arrhenius plot is thus
most likely due to a conformational change in the
enzyme. The 242 nm band is an unusual band which
is common to all three fungal aspartic proteinases as
well as pepsin and originates from a structural fea-
ture that is very sensitive to raised temperature,
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pH, and urea concentration (T. Hofmann, unpub-
lished results). It is therefore associated with parts
of the molecule that are fairly flexible, The intensity
of this band also changes upon binding of pepstatin.

The following earlier observations are also consis-
tent with a role of enzyme conformational changes
in the function of aspartic proteinases. First, a mul-
tistep inhibitor binding occurs when the P, residue
is present while the kinetics are simpler for inhibi-
tors without a P, residue.® Second, pre-steady-state
fluorimetric measurements indicate conformational
changes.®* And third, small nonsubstrate peptides
can act as activators of the hydrolysis of poor short
substrates, probably by simulating the binding in S,
pocket, an event that is accompanied by the changes
in the CD spectrum which are probably due to con-
formational changes 5%

We propose that at least some of these solution
experiments may be rationalized with the help of
the crystallographically observed rigid body move-
ment described in this paper.

Apart from the role that the rigid body movement
in aspartic proteinases may play in the hydrolysis,
there are two additional potential applications. The
first one is in the design of potent inhibitors: an
inhibitor that did not induce a conformational
change in the enzyme would presumably bind bet-
ter, since it would not spent part of its binding en-
ergy on distorting the enzyme. The second applica-
tion is in modeling of the structures of as yet
unknown aspartic proteinases and their zymogens:
when a rigid body movement is taken into account
considerably better models are obtained. These mod-
els can be used, for example, in a molecular replace-
ment technique of X-ray crystallography.

NOTE

Two other groups independently published papers
that also describe conformational changes in aspar-
tic proteinases (Abad-Zapatero, C., Rydel, T.J.,
Erickson, J. Revised 2.3 A structure of porcine pep-
sin: Evidence for a flexible subdomain. Proteins 8:
62-81, 1990; Sielecki, A.R., Federov, A.A., Boodhoo,
A., Andreeva, N.S., James, M.N.G. Molecular and
crystal structures of monoclinic porcine pepsin re-
fined at 1.8 A resolution . J, Mol. Biol. 214:143-170,
1990).
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