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X-ray Analyses of Aspartic Proteinases

ILt Three-dimensional Structure of the Hexagonal Crystal Form of
Porcine Pepsin at 2-3 A Resolution}
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The molecular structure of the hexagonal erystal form of porcine pepsin (K(:3.4.23.1), an
aspartic proteinase from the gastric mucosa, has been determined by molecular replacement
using the fungal enzyme, penicillopepsin (' 3.4.23.6). as the search model. This defined the
space group as P6:22 and refinement led to an B-factor of 0-190 at 23 A resolution. The
positions of 2425 non-hydrogen protein atoms in 326 residues have been determined and the
i model contains 371 water molecules. The structure is  hilobal, consisting  of  two
i predominantly f-sheet lobes which, as in other aspartic proteinases. are related by a pseudo
2-fold axis. The strands of the mixed f-sheets (1y and 1¢) of each lobe are related by an
intra-lobhe topological 2-fold symmetry. Two further f-sheets, 2 and 2¢. are each composed
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of two topologically related f-hairpins folded below the Iy and 1 sheets. A further

i six-stranded sheet (3) spans the two lobes and forms a structure resembling an arch upon

;‘ which the four other sheets reside. The interface hetween sheets In and e forms the

; catalytic centre consisting of absolutely conserved aspartate residues 32 and 215, which are

shielded from solvent by a f-hairpin loop (75 to 78).
; The crystal structure of a mammalian aspartic proteinase indicates that interactions with
‘ substrate may be more extensive on the prime side of the active site cleft than in the fungal
| enzymes and involve Tyrl89 and the loop 290 to 295, perhaps contributing to the
[ transpeptidase activity of pepsin and the specificity of the renins. Comparison with the high-
% resolution structure of pepsinogen gives a root-mean-square deviation of 09 A and reveals
§ that, in addition to local rearrangement at the active site, there appears 1o be a vigid group
E movement of part of the (-terminal lobe of pepsin towards the cleft on activation.
| A large proportion of the absolutely conserved residues in aspartic profeinases are polar
: and buried. An examination of the pepsin structure reveals that these side-chains are
! involved in hydrogen-bond interactions with either the main chain of the protein or other
| conxerved side-chains of the enzyme or propart.
:
i
E 1. Introduction On secretion into the acidic lumen of the stomach,
x Pepsins arve the major digestive enzymes of the (‘Iez?\'age Of the propart prt‘lde oeenrs, \'I(‘k.lmg
] alimentary canal and operate optimally at the low :\.r't;x\'(- pepsin as a single-chain m(tl(‘c‘ulo. D(, Crmin-
: PH of the stomach. Pepsin: A (KEC 3.4.23.1), the tion of the 1}!(»!0(‘111:1:1' structure of this "‘““"“'-Y avail-
; Major component of gastric juice in pigs. is APl aspartic proteinase should give some insight
i produced by the mucosal cells of the fundus region into the structures of the.more searce mammalian
! of the stomach as an inactive precursor, pepsinogen. enzymes, for example, renin and cathepsin D‘,
I ’ Porcine pepsin A has been sequenced chemically
! (Sepulveda et al.. 1975) and has a calculated
T Paper T in this series is Blundell of a.. 1990, molecular masiof 34 kDa, lwhi('h agrees well w'i’th
! 1 Dedicated to J. D. Bernal, Dorothy Hodgkin and the. \"a,lAuv of 33 l.(na' (7hvt‘:1,'1ned by dx}mentahon
; Max Peruty, who all contributed to this structure equilibrium  studies  (Williams &  Rajogopalan,
i analysis in days when large crystal cells were a much 1966). The enzyme has a very low p/ in the range of
§ gﬂ*‘ﬂ:‘fr challenge to the X-ray erystallographer. two to three pH units, which must be duc to the
ur)

high proportion of carboxyl residues (43 in total).
The protein is phosphorylated at Ser68 and has
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three disulphide bridges, two ol which enclose three
and four residue loops (for an excellent review. see
Fruton, 1987). The essential catalytic residues were
identified as aspartate residues 32 and 215 by
chemical modification (Tang et al., 1973).

Single crystals of porcine pepsin were first
obtained by Northrop (1930) and those grown by Dr
J. Philpot in Tiselius's laboratory in Uppsala were
the first protein crystals to be studied by X-ray
diffraction using the now standard method of
capillary mounting to prevent water loss (Bernal &
Crowfoot, 1934; Hodgkin, 1970). The crystals were
hexagonal; a=b=67-4 A, ¢=290-1 A (1 A
1 molecule/asymmetric unit), although the
sion was not determined correctly until the advent
of monochromatic X-ray sources (Perutz, 1949).
Although the diffraction extended to high resolu-
tion, the crystal structure of this form was never
determined. However, a monoclinic form of pepsin
can be obtained from a protein solution of 20 mg/ml
at pH 20 made with 20%, (v/v) ethanol and the
structure of this form has been determined at 220 A
resolution (Andreeva et al.. 1984). An independently
refined set of monoclinic co-ordinates from Drs C.
Adad-Zapatero and J. Erickson (Abbott Laborator-
ies, Chicago) has been deposited in the Brookhaven
Protein Data Bank (Bernstein et al., 1977).

The structure of porcine pepsinogen has been
solved 1o 1-8 A resolution (James & Siclecki, 1986)
and 16 A (Hartsuck & Remington. 1988) and else-
where a number of renin inhibitors have been co-
crystallized non-isomorphously with pepsin using
ethanol as precipitant  (C%. Abad-Zapatero &
J. Erickson, personal communication). Chymosin,
another mammalian aspartic proteinase has been
solved by X-ray analysis at 22 A (N. Andreeva, M.
Saffro, M. Newman, I.J. Tickle & T. L. Blundell.
unpublished results; Gilliland e al., 1988) and
human renin has been solved at 2:5 A (Sielecki et al.,
1989).

A number of fungal aspartic proteinase structures
have heen determined by X-ray diffraction at high
resolution; for example, endothiapepsin (Blundell et
al., 1985), rhizopuspepsin (Suguna et al., 1987a) and
penicillopepsin (James & Sielecki, 1983).

In this paper, we describe the hexagonal crystal
form of porcine pepsin solved using synchrotron
film data that extended to 234 A resolution,
Molecular  replacement  using  penicillopepsin
(EC 3.4.23.6) as the search model gave a solution
that defined the space group as P6522. Remodelling
and refinement were greatly aided in the later stages
by the pepsinogen structure (Hartsuck &
Remington, 1988). We provide, a detailed compari-
son of the enzyme and proenzyme structures of an
aspartic proteinase.

2. X-ray Analysis
(a) Crystallization and data collection

The crystals were grown from a 280 mg pepsin/ml solu-
tion, the pH of which was lowered to 3-6 by addition of
5 m-sulphuric  acid (Jenkins, 1979). Turbidity was

cleared by warming to 35°C and erystals were grown from
this solution by slow cooling in a vacuum flask. The
largest reached a size of 0-3 mm x 0-3 mm x 05 mm after
days. X-ray data were collected with 1-4 A radiation at
LURE using V-shaped cassettes and processed using the
methods described by Arndt & Wonacott (1977). In all,
51,501 native measurements consisting of 48,066 fully
recorded reflections were merged to give 15.613 uniques to
234 A with an By of 9-69%,:699%, of these data are more
significant than 3a(/). Hexagonal pepsin crystals were
found to have an ambiguity of the hand (176,22 or P6,22)
that was not resolved by efforts to determine the strue-
ture using multiple isomorphous replacement.

(b) Rotation. function studies

Several attempts at molecular replacement using the
partially refined fungal structures proved unsuceessful
with this erystal form so. more recently. another effort
was made using all the highly refined aspartic proteinases
available in the Brookhaven Protein Data Bank at that
time.

The 20 A co-ordinates of monoclinie pepsin (kindly
provided by Dr N. Andreeva) were placed in a hypothe-
tical P1 cell with the molecules separated by 20 A for
caleulation of structure factors and £ values in readiness
for the fast rotation function (Crowther. 1972). K values
were also caleulated for the hexagonal reflection data. The
cross-rotation function was caleulated using 30 A data
with various Patterson radii limits between 4 and 25 A
but did not produce a peak except for an extremely broad
plateau. Inspection revealed that this structure contained
some deviations from ideal stereochemistry. indicating
that {urther careful restrained refinement was necessary.
Therefore. the other 3 high-resolution aspartic proteina
structures (endothiapepsin, penicillopepsin and rhizopus-
pepsin) were fitted to the pepsin co-ordinates using FITZ
(Taylor, 1983). and structure factors and K values were
caleulated for each in the same Pl cell as before. The
results from the Crowther rotation function caleulations
using 30 A data and radii limits of 4 and 15 A are shown
in Fig. 1. None of the rotation functions, which are
notably inconsistent, contains peaks corresponding to
that obtained with pepsin, although each contains sharper
features. At this stage, efforts were made to find con-
sistent peaks with the fungal enzymes by adjusting the
resolution and radii limits. These enzymes have sequence
identities with porcine pepsin of about 309, on average,
which is far from ideal for molecular replacement. The
results are given in Table 1.

From Fig. 1 and Table 1. it can be seen that the sharp-
est feature was obtained with penicillopepsin, This peak
has the largest height to r.m.s. ratio (where ran.s.t is the
root-mean-square value of the rotation function) of all the
enzymes and reappears consistently when all but the
lowest resolution data are used. The fact that this peak
appears only at low resolution with rhizopuspepsin is
alarming, as this protein has the highest homology to
pepsin of the three fungal enzymes. Endothiapepsin has
the lowest homology and fails to produce any peaks that
agree with the other rotation functions. The aspartic
proteinase fold can be divided into 2 rigid bodies that
differ slightly in orientation in different enzymes (Sali et
al.. 1989). Hence the penicillopepsin structure may
fortuitously resemble procine pepsin slightly more than
one or both of the other search models used in the
rotation function. To check that no mistakes had been

t Abbreviation used: r.m.s.. root-mean-square.
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Table 1 (continued)

a B y

Height/r.m.s.

Resolution limits, 20 to 3 A; radii limits, 4 to 20 A

250 350 —172:5 37
475 600 1650 29
200 90-0 75 27

B. Rhizopuspepsin
Resolution limits. 20 to 6 A: radii limits, 6 to 20 A

o 1 ¥ Height/r.m.s.
150 450 950 34
550 800 140-0 26
475 20-0 50 251
Resolution limits, 20 to 5 A; radii limits. 6 to 20-A
475 20:0 50 351
00 850 1450 2:4
354 600 170:0 22
Resolution limits, 20 to 4 A: radii limits. 6 to 20 A
12:5 750 —H75 2:6
50 200t 825 23
175 250 — 160-0 2:3
) ‘ . ) ) ) | ) . Resolution limits, 20 to 3 A: radii limits, 4 to 15 A
0 20 30 40 50 80 70 80 90 o0 200 12040 )
. - 20+ 2.9
B (deg) 12:5 40-0 — 1575 24
) - 575 800 =750 2:4)
Flgu(e 1. . The cross-rotation funetion results using S
b!l(]()f’hl;l[N‘[!Slll [E‘), rhizopaspepsin (R) and penicillopep- Resolution fimits. 20 to 3 A: radii Hmits. 4 to 20 &
sin () rersus poreine pepsin. The maximum value in each 5044 4 25
[f—scutxny is shown. £ values to 3 A were used with Patter- .1)7': ;()::) ]:)')",J o
son radii timits of 4 and 15 A. '17'2 331: - l’;Z(; i"’
A6 2 — 75 22

. Penicillopepsin
Resolution limits, 20 to 6 A; radii limits, 6 to 20 A

. ) Table 1

The fust rotation function results Sfor the fungal
enzymes versus porcine pepsin (a. f and y angles in
degrecs for the 3 highest peaks in each run are shown )

A Endothia i pin
Resolution limits, 20 to 6 A; radii limits, 6 to 20 &

« B ¥ Height/r.m.s.
50 340
350 975 07
550 90 27

Resolution limits,

20 to 5 A; radij limits, 6 to 20 A

40-0 850 1275 26
200 60-0 95:0 2:5
175 450 75 2-2

Resolution fimits, 20 to 3 A: radii limits, 4 to 15 A

300 400 ~ 1750 33
350 80-0 1275 27
525 650 1475 21

a f b Height/r.m.s.
550 0 950 30
250 350 1625 27
22:5 250 175 241

Resolution limits, 20 to 5 A radii limits, 6 to 20 A

450 250 200 33t

50-0 800 105:0 32

300 300 175 31
Resolution limits, 20 to 3 A; radii limits, 4 to 15 &

450 250 17-5 361

350 600 65:0 31

450 60-0 — 1750 30
Resolution limits, 20 to 3 A: radii limits. 4 to 20 A

425 30-0 22-5 391

325 60-0 1700 36

475 500 650 35
Resolution limits, 20 to 3 A; radii limits, 4 to 25 A

475 250 12:5 421

500 550 67-5 33

12:5 700 —177'5 31

1 Peak consistent with penicillopepsin.
1 A consistent peak.
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Figure 2. The penicillopepsin rotation function caleu-
lated using various Patterson radii limits (shown in A)
and the structurally conserved regions (C).

made in preparing the £ values for the oriented enzymes.
cross-rotation functions were caleulated against chymosin
(M. Newman, unpublished results) All 3 enzymes
produced 1 sharp peak in the same place to within a few
degrees. We suggest that the difficulties encountered with
hexagonal pepsin may be due to the compactness of the
rotation funetion arising from high symmetry of the
target Patterson function (6/mmm) which is expected to
give a high noise level.

It wax thought that removing the parts of the search
molecules that are not structurally conserved (ie. (*
separation >3-5 A) might reduce the noise in the rotation
functions. The MNYFIT program (Sutcliffe et al., 1987)
was used to produce co-ordinate files for the structurally
conserved regions. approx. 709% of each enzyme. These
co-ordinates were fitted to the monoelinic pepsin molecule
and their £ values caleulated. The rotation functions for
the endothiapepsin and rhizopuspepsin cores are almost
completely featureless. In contrast, the 1 major peak
obtained with penicillopepsin is unaltered (Fig. 2) and,
significantly, the second highest peak obtained with the
whole enzyme has vanished. Therefore, the peak obtained
with penicillopepsin was considered the most likely due to
its height. consistency and sharpness (Fig. 3). The
improvement in height/r.m.s. ratio ax the resolution and
radius of integration were increased (Table 1), and the
insensitivity of the peak to removal of the loops from the
model also supported this conclusion. The rotation fune-
tion was repeated using £ values for the penicillopepsin
model transformed by the Eulerian angles of the highest
peak. The strongest peak reappeared close to the origin.
the corresponding angles were applied and the proce
repeated, producing a peak within 257 of the origin. These
angles were applied.

(¢) The translation function

A hemisphere of reflections to 40 A was caleulated
using GENSFC (Dodson, 1984) for the oriented penicilio-
pepsin molecule in the hexagonal unit cell, assuming P
symmetry. The partial F, terms for each asymmetric unit
were obtained from this data set using the PREPARE/
SORTLCF/COLLATE series of programs (. R. Evans,
unpublished results). The collated partial F terms were
combined with native F, data to 40 A, The TFSGEN
program (Tickle. 1985) was used to ealculate the Fourier
coefficients of the T-function {(T'(t)-function of Crowther &
Blow (1967) with intra-molecular vectors subtracted) for
both possible space groups (16,22 and 6 using 6-0
and 4 0 A data. The 7-function maps were generated
using the FET program (Ten Eyck. 1973) for half the unit
cell along c. The results are shown in Table 2. together
with the packing tests performed using FRODO (Jones.
1978).

There are no peaks that appear in hoth the P6,22 runs,
and inspection reveals that the 5 highest peaks in each

Table 2
Translation functions of penicillopepsin with hexagonal pepsin data

Resolution =60 A

Resolution=4-0 A

Grid co-ord Height/r.m.s. Packing Grid co-ord.  Height/rm.s, Packing
A. Translation function for P6,22
14 i} 36 46 0 4 It 47 Crashes
4 15 8 46 13 1 46 44 Crashes
24 60 129 44 11 30 93 44 Crashes
14 0 108 44 ('rashes 12 0 46 43 C'rashes
24 37 119 43 Crashes 8 50 102 43 Crashes
B. Translation function for P22
19 29 58 b2 Crashes 63 17 7% 57 *PACKN
19 29 122 50 Crashes 63 17 93 51 Crashes
63 17 80 46 *PACKS 63 17 127 49 (rashes
39 49 117 45 Crashes 63 17 138 48 Crashes
63 16 96 45 Crashes 63 17 43 48 Crashes

One grid unit is approx. 1 & along real axes.
* Indicates same peak in both runs

Hexagonal Crystal Form of Porcine Pepsin 203
: ! Section 6 Contour levels 100 1i0 120 (30 140
_er ©,
S a0
H @ [
A [
o S
o
SELLLLLL VL b L LR e b b L L g
180 360
y (deg)

Figure 3. The =25 section of the penicillopepsi i i : R
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run cause the (% skeletons of symn\et‘r_v‘related maolecules
to interpenetrate. For P6522, the 3rd highest. peak for
60 A data allows the molecules to pack sensibly and when
the calculation is performed using 40 A data, the same
peak reappears as the strongest in the map. The strongest
features in this map lie along a streak parallel to ¢
(Fig. 4). All these peaks, except the highest, cause the
symmetry-relal/ed molecules  to  crash. Hence. there
appeared to be a plausible molecular replacement solution
that defined the space group as P6g22.

The translation functions at 40 A corresponding to the
highest. rotation function peaks obtained with endothia-
})ﬁ)&in and rhizopuspepsin were also calealated for both
space groups. From analyses similar to that in Table 2, it
was obvious that none of the maps contained outstanding
T_function peaks that allowed the molecules to pack
reasonably.

(d) Hexagonal pepsin refineniend and rebuilding

In order to assess the validity of the solution. a control
refinement with the molecule in an incorrect position was
nevessary. Therefore, the penicillopepsin molecule was
refined in positions corresponding to the highest and the
and highest T-function peaks that differ only in their 2
positions by 5%, of the cell edge. although only the
highest peak allows reasonable packing. Exactly the same
refinement strategy was used for each position The st 10
cycles con ed of rigid body refinement.  using
RESTRAIN (Haneef ¢ al.. 1985) of the 2 domains with
medium-resolution data. For the following 8 cyeles of
restrained refinement. the molecule was split into 35 rigid

E |25
E 1.00
3; 075
0:50 |
it . Kll ||\'\l! .P_ l _: hl .\ \J "

50 100

Figure 5. The average U} values for main-chain atoms of penicillopepsin aff
Jecule was refined in 2 positions, corresponding to the highest an

using the hexagonal pepsin F, data. The oriented mo

2nd highest translation function peaks; lines and dots, respectively. The structurally conserved re

horizontal lines.

illll LY
A R

hodies corresponding to the segments of gecondar,
ture as defined in the Brookhaven database entry for
penicillopepsin (2AVD). The last 4 cycles, performed using
23 A data, included unrestrained retinement of isotropic
atomic u2 values. subsequently veferred to as {7 or Uk,
values (Ii,w{(l%nz)). Since the molecules had the same
orientation and position exvept for a 5% difference in
z-position, it is not surprising that they behaved similarly
during refinement, although the highest T-funetion peak
has a correlation coefficient (K, versus Fo) of 579, which is
109, higher than the wrong solution. This difference
showld be exaggerated by using the reflections that are
most sensitive to the z-position of the molecule, ie. those
lose to o*. Accordingly. the 300 reflections elosest to
gave & correlation cocfticient for the correct pm\k of 37%,.
which is 202, higher than the value obtained for the
incorrect peak. The 17 values obtained for the main chain
after this refinement were examined for a meaningful
variation along the polypeptide. As can be seen in Fig. 5
the largest [7 values for the highest T-function peak are
obtained in regions that are not structurally conserved in
the 3 fungal enzymes: i.e. those regions where penicillo-
pepsin would be expected to differ most. from porcine
pepsin. The wrong peak causes the average main chain
17 values to fluctuate much less. as might be expected if
the individual Uy, values are random. The R-factors for
the correct and incorrect peaks were 479, and 51 %.

respectively.

After this refinement, Sim weighted 2F,— F, and F,—F;
maps were calenlated for the correct peak using 23 2
data. These maps were very encouraging in certain
regions, e.g. the active site and the f-sheet bencath the

200 250 300

150

Sequence number

ter 18 cycles of least-squares refinement

gions are shown by
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substrate binding cleft (sheet 3). The electron density
which was mainly contiguous throughout the protein, M\;
used to guide the necessary sequence changes, insertions
and deletions. Residues in the vicinity of the disulphides
(45 1o 5. 206 to 210 and 250 to 283)']”’(1\'&(1 particularly
pmhhinmt,i(u eg the 206 210 cystine nwvssita‘to;l
inxerting a 4 rexidue loop, for which there was little
density. just before a structarally  conserved  region
including Axp215. The electron density for the conserved
resichues was generally good and there were usua sufli-
cient indications to allow ingertion of aromatic residues
where necessary. Al the insertions and deletions were
made at this stage. although some residues were left as
Al or Gly. To check that the solution was self-consistent
in the rotation function, the rebuilt molecule was placed
in the original orientation,  values were caleulated and
the cross-rotation function re-run. This produced a large
peak in the same position as was obtained with penicillo-
pepsin (height/ram.s. =40 for radii=4 to 20 A resolution,
20 to 3 A). The co-ordinates were subjected to another
round of refinement and rebuilding followed by more
refinement. which reduced the R-factor to 389, (correla-
tion coefficient, 689,). Despite big improvements for
inserted aromatic residues, the absence of 2F — F_ density
in some regions after 41 cyeles, expecially Lh((: (“Sl‘ll])hid“;

indicated that some major rintm'prvmiinns were nt»ed(*(i
in these parts and temporarily cast doubt on the validity
of the solution. ’

(e) Real space rotation function tests

. In view of the inconsistency of the fast rotation fune-
tions. it was decided to repeat these using a real space
methad (Huber. 1965) encoded in the program PR ITEIN
by Steigemann (1974). F, terms to 30 A were used for
caleulation of the target Patterson over all @ and b, and
enough of ¢ to cover the sphere of integration (20 A). All
30 A F_ terms for the 3 fitted fungal search models and
the structurally conserved regions for rhizopuspepsin were
\lsf*(l tor caleutate Patterson maps. which were searched for
gru! points above a chosen density level and within the
radii limits of 4 and 15 A. Since Fyoo was not used in the;
map caleulation. the lowest density value was added to all
grlfi points to remove negative density. Hence. all grid
points of the search Patterson could be included “for
(-orrel‘almn with the target map. The resulting rotation
!;um*tuum catenlated at 67 intervals on the Rossmann &
(;‘(:v,j:"urlw v((i.,_ 0,. O whvref Q,*—‘afﬂﬂ”. 0,=p and
y=7—490") were remarkably similar. with the strongest
l"z{l‘k oveurring at the same grid point in each map
(Fig. 6). rhizopuspepsin being the best. However, this
{);-a‘k _(lm-s not .mrrespnml to any of the peaks obtained in
he f_u.\'( rotation funetion, indicating that the previous
solution. obtained with penicillopepsin, may have heen
incorrect, o test the latest solution, the scarch was
:&;{_)m(ml for rhizopuspepsin using a fine grid {05°). The
r«);:t('}((: :i;y\gh-s.were applied to '?h(-'. co-ordinates and the
i th;a n‘l ulnr(,um rerr\m'nnf)hnrnmg that the largest peak
re-()riﬂ“t lm.v map was within 2° of the origin. After slight
lnted i:, Kl(t;”;n;)'-”m model, s.tr\u'ture factors were calcu-
funmetion, Wl}:\\ :‘t.;.;;qglo?all ¥e~psm cell an'd the translation
Fl)rt.un;m-lv. :eiltxha ed for Ib'oth possible space groups.
although . \1"}1 er cqntdme(l outstanding pea.lfs,
packins. Oniy tllg e‘st. 5 in cach map were tested for
"“v&-%nnl.m- )\ .k?e .%r(i highest pcak for P6,22 allowed
translatin, -,Ll"(:{( 'u]\ig,l t)'“t applying t4he cnrfa.fponding
0 e 41 L,a(.‘au fx ing t{l))g correlation coefficient gave
oy ng figure f’f 7%-
e real space rotation function was recalceulated for

2-00

1:60

Rotation function

<
3
o

il | L 1 L Il L 1
0 20 30 40 50 60 70 80 90
£ (deg)

_Figure 6. The real space rotation functions calculated
fvnh p\enioillupppsin (P). rhizopuspepsin (R) and endoth-
japepsin (B) versus the pepsin target. The maximum
values in cach f-section are shown. Radii limits of 4 and
15 A were used with all the reflections to 3 A

rhizopuspepsin using £ values. rather than I" terms, to
3'(.) A and found to be almost completely flat. The failure
of the real space rotation scarch may be due to the low
!evel of homology of the enzymes and the interpolation
nn"ulve(l in obtaining the density values between the grid
points of the target map, which had to be sampled quite
('n'{u-sel)' (13 A) for computational expedience. An encour-
aging result was obtained by calculating the cross
rotation function for the refined pepsin model from cycle
41 which had the largest peak on the origin. indicating
that ?'urt]wr refinement of this model was worthy of
pursuit. )

(£) Further refinement and wuse of
pepsinogen co-ordinales

) The model was rebuilt twice and care was taken to
improve a number of poor surface regions that were
penctrating neighbouring molecules, thereby lowering the
R-factor to 369, after refinement. Another complete
rebuild followed by refinement gave an R-factor of 35%
and correlation coefficient of 75%,. °

A‘. this point. the co-ordinates for the proenzyme,
porcine pepsinogen (R=17%, at 165 A resolution), ‘were
kindly provided by Dr .J. Remington (University of
Oregon). These, minus the propart, were fitted to our
pepsin model and refined with hexagonal reflection data
giving an R-factor of 36.% (correlation coefficient. 74% avt“
23 A). The resulting map was a vast improvement on )Lhe

]
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previous one, e.g. excellent density for the 1st 2 disul-
phides and the enclosed loops. This was used to rebuild
the pepsin model. The pepsinogen structure revealed that
2 strands and 1 helix in the pepsin model were 1 or 2
residues out of alignment. Fortunately. the Ist 14 residues
(where enzyme and zymogen have different folds; James
& Sielecki, 1986) and residues 156 to 161, which were
absent from the pepsinogen co-ordinates, had good
density in our pepsin model. The pepsinogen structure
also allowed correction of a helix (225 to 236) where an
extra residue had been included. due to an error in the
published sequence (Sepulveda et al.. 1975). Two retine-
ment/rebuilding rounds rapidly lowered the R-factor to
2359, (correlation coefficient, 90r1%) for data from 8 A
to 2234 A,

At this stage, the hexagonal pepsin model was least-
squares fitted to the monoclinic pepsin co-ordinates and
refined against the 220 A reflection data, kindly supplied
by Drs N. Andreeva and A. Fedorov (Moscow) and typed
into the computer by the Birkbeck College Data Prepara-
tion Scrvice, The B-factor after the st round of refine-
ment was 279% and with 4 roundls of complete rebuilding
and refinement this dropped to 21 9%, (80 to 2:0 A). Partic-
ular attention was needed in the vicinity of the active site
loop (75 to 79) and 2 loops in the C-terminal domain that
reside close to the active site; 240 to 245 and 294 to 299.
The lower symmetry of the monoclinic pepsin crystals
gave a significant reduction in the computer time needed
for refinement, allowing rebuilds in difficult regions to be
tested more quickly than in the hexagonal form. Electron
density for the phosphate group attached to Ser68 became
apparent and a phosphoserine wesidue was built- in: 165
water molecule were placed in discrete features of density.
lowering the R-factor to 199 (correlation coefficient,
9200) for data between 100 A and 20 A Another 83
water molecules were added (total, 248) during a complete
rebuild and another 10 eycles of refinement lowered the
R-factor to (-186 (correlation coefficient, 939%,) for 13,644
reflections between 10-0 A and 2+0 A, The estimated r.am.s.
co-ordinate error (Read, 1986) is 0-21 A.

Rebuilding of the hexagonal form was continued with
particular attention to some loop regions that were
horrowed from the monoclinie structure, e.g. 240 to 245.
Refinement lowered the R-factor to 00224 for reflections
between 70 and 2:34 A, Gradual inclusion of water mol-
ecules to a total of 371 and retinement/rebuilding of the
difficult regions lowered the R-factor to 0-190 for 12.429
reflections (F > 36(#)) between 80 A and 234 A (correla-
tion coelficient, 912;). A lower estimate of the r.m.s. error
in the co-ordinates is 011 A (Read, 1986): refinement
statistics are given in Table 3. All residues were built
according to the chemical and gene sequences of porcine
pepsin A (Sepulveda et al.. 1975 Lin ef al., 1989) with the
exception of residue 254, which should be Asp but was left.
as Ala due to the paucity of the map in this surface
region. The electron density indlicates that residue 243 is
Asp, in accordance with the chiemical sequence, and not
Tyr as found in the gene sequence. These co-ordinates
have been deposited in the Birookhaven Protein Data-
bank, Chemistry Departmentt, Brookhaven National
Laboratory, Upton, NY 11973, US.A., from where copies
are available.

Least-squares  fitting of  the hexagonal pepsin
co-ordinates to a set of indepemdently retined monoclinie
co-ordinates, kindly donated lby Drs . Abad-Zapatero,
J. Erickson & T. Rydel, revealss that 85%, of (" atoms are
within 35 A. The r.m.s. deviation for these regions is
@8 A. For at least half of the regions that differ, our map
is good.

Table 3
Refinement statistics for P6s22 pepsin after 11
complete rebuilds and 136 cycles

r.m.s. deviation from target 0008 A
bond distances

r.m.s. deviation from target 0011 A
angle distances

r.m.s. deviation from minimum non-bonded 0010 A
contact distance

r.m.s, distance from least-squares 0001 A
main-chain planes

r.m.s. distance from least-squares 0001 A

side-chain planes

Resolution range (A) R-factor Number of reflections
80 to 40 023 2868
40 t0 33 017 2669
33 to 29 016 2432
29 to 26 18 1981
26 to 24 016 1574
24 to 2:3 16 905

Mean U, value for 2425 enzyme atoms =037 A2 (o0=026).
Mean 7, value for 371 solvent atoms=(-67 A2 (g=020)

3. Results and Discussion

The structure of the hexagonal form of porcine
pepsin, refined to an R-value of 0-19 at 2:34 A,
defines the positions of 2425 enzyme atoms with
reasonable thermal parameters. The polypeptide
consists of 326 residues forming two topologically
similar lobes characteristic of the aspartic protein-
ase fold observed in the fungal structures (Blundell
ot al., 1985, 1990). Residues I to 175 form the
N-terminal lobe and residues 176 to 327 constitute
the C-terminal lobe. Least-squares fitting reveals
that 33 residues per lobe overlap with a rams.
deviation of 16 A. The sequence homology between
the two lobes is 149, The aspartic proteinase fold is
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Figure 7. A Ramachandran plot for pepsin: (¥) Gly-
(@) Pro, (#) non-glycyl residue with a positive ¢-angle~
(+) all other residues.
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Figure 9. A stereo view of the (* hackbone of pepsin with the most mohile regions (68 to 70, 200 to 202, 234 to 255, 278
to 283 and 205 to 298). Dotted spheres indicate where (U;o> =06 A? for more than 1 residue.

strongly conserved in the family, despite the fow
sequence homology of some members. The r.m.s. C*
deviation of pepsin from the fungal enzymes is
around 08 A for about two-thirds of each enzyme,
yet the level of sequence identities with pepsin are
comparatively low. around 30%,.

The fold is stabilized by a large number of hydro-
gen bonds. Caleulating theoretical hydrogen posi-
Gions with COMPARE (Dr A. M. Hemmings) and
using a maximal acceptor-hydrogen distance of
35 A and minimal angles at the hydrogen and
acceptor atoms of 1207 and 90°. respectively, a total
of 188 main-chain—main-chain hydrogen bonds were
found. Based on a simple donor—acceptor distance
cutoff of 34 A, 179 main-chain-side-chain and 32
side-chain-side-chain possible hydrogen-bond inter-
actions were found. The enzyme has a high propor-
tion of serine and threonine residues, the total
number being 60. Of these residues, 32 are involved
in side-chain hydrogen-bond interactions with other
residues of the enzyme.

The ¢ and ¢ torsion angles of the moiccule
(Fig. 7) mostly lie within the allowed B-sheet and
a-helix regions with the exception of glyeyl residues
(marked *) and 13 residues, mostly Asp and Asn,
with positive ¢ angles (marked #) which lie close to
or within the left-handed a-helix region. The unta-
vourable (P—0; interaction can be compensated
for by a hydrogen bond from the side-chain to the
main chain with these residues. The structure is
dominated by sheet, with 4% of residues lying in
B-strands as defined by Kabsch & Sander (1983).
The mean ¢ angles for these regions are
—112°,126°.

The average isotropic temperature factors for all
the protein atoms (Fig. 8) lie within reasonable
limits, the mean value for main-chain atoms being
0-36 A2. Figure 8 indicates that the region from the
end of helix h, to around the second cystine residue
(234-256) is somewhat more disordered or mobile
than the remainder of the structure, although the
electron density is reasonable with the exception of
the 240 to 245 loop. The loops 278 to 283 and 294 to
298 also appear to be more flexible than the buried
regions. Overall, the (C-terminal lobe of the molecule
appears to be more disordered than the N-terminal

lobe. The most mobile regions are clustered (Fig. 9)
on the surface of a distinet lobe (190 to 302), which
corresponds to the flexible domain of endothia-
pepsin (see later and Sali et al., 1989). As can be seen

in Figure 8, the regions of highest thermal mobility
correspond to those with large solvent-accessible
contact areas.

Residue 23, which resides in a highly conserved
-Gly-Thr-Pro- sequence, has good density for a cis-
proline, as suggested by Pear] for endothiapepsin
(Pearl, 1983: Blundell e al., 1985). Figure 10 shows
the x, distribution for pepsin excluding proline
residucs, There is a marked preference for the steri-
cally most favourable g* conformation (x, &3007),
in which the side-chain is frans to the carbonyl
group as viewed along the (Y- bond. This was
observed by Janin et al. (1978). The least favourable
¢~ conformation, where the side-chain is trans to the
(“_H bond (x, ®80"). is populated mainly by threo-
nine, isoleucine and buried aromatic residues, The
dominance of the g* conformation is reflected in the
mean x, value of 270-1° for the whole molecule
(Table 4).

Pepsin possesses three disulphide bridges at posi-
tions 4550, 206-210 and 250-283. These represent
some of the regions that differ most from the peni-
cillopepsin starting model. The electron density for
these regions is shown in Figure 11. The disulphide
link at 206- 210 appears to replace the main-chain of
the conserved strand preceding the second catalytic
aspartate residue.

Residue  SerG8  of pepsin is phosphorylated,
although there is no electron density for the phos-
phate group in the hexagonal ¢ al form. The
chain near the phosphorylation site is exposed both

Number of residues
- —_ n ~n o w
o o o o ©° u

3

50 100 150 200 250 300 350
X, (deg)

Figure 10. The y, distribution for all residue types
except Gly, Ala and Pro.
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Figure 11. The disulphi i : i
. . » disulphide links of pepsin at 45-50, 206-210 and 250- 28: i 5 wards ). Thi
ol 11 b disphide i dﬂwigy'] i and 250- 283 shown in stereo (downwards order). Thin
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Table 4 ;
Internal co-ordinate analysis of pepsin at 2:3 A . e
Parameter ¢ () v () w () 1 ) ¥z () (") N-C* (4) (2 (A ; : f( .
: "

Mean —O07-8 1159 1791 —R9H 162:3 o9 1-47 152 i —.

ER 308 458 136 433 456 16 o0l [0

Sample 325 326 325 273 176 326 326 326 —
in the pepsin and proenzyme crystal structures. salt-bridge is shown in Figure 12, Although this is - ¢ ™ —]

Chicken pepsin is glycosylated at an asparagine
residue equivalent to residue 68 (Baudys et al.,

1982). Asparagine 67 is N-glycosylated in yeast clectron density defines the interaction well. This oi| ee| fel feed lec] e .
proteinase A (Dreyer et al., 1986), cathepsin D ion-pair may be important for the tability of the [ ¢ o AL ‘ A fnl o] feef e e . al el lw ] fou
(Shewale et al.. 1985) and human venin (Tmai et al.. pepsin fold, since chemical modification of Arg316 J
1983). This region may be involved in the targeting with  butane-23-dione partially inactivates the et T N
of aspartic proteinases, since attachment of a enzyme (Hoang & Tang, 1072) as does treatment b
mannose 6-phosphate to lyscsomal hydrolases, e.g. with phenylglyoxal (Kitson & Knowles, 1971), an N
cathepsin D, may be essential for targeting to the arginine-specific reagent. The other arginine of Pet ‘L —
lysosomes (Sly & Tischer, 1982). pepsin (308 in helix he) appears to form a |

The erystal packing of the hexagonal form salt-bridge  with  the highly conserved  Aspil. I ™
appears to be looser than in the monoclinic form Accordingly. residue 308 ix highly conserved ax a } T

ne

(Andreeva et al., 1984) where, for example, the
active site flap forms hydrogen bonds with a neigh-
bouring molecule. This may account for the failure
to obtain the monoclinic form with several crystal-
line pepsin inhibitor complexes (J. Remington,
personal communication). It may also account for
the greater apparent disorder of the carboxyl-rich
loop at 240 to 245 in the hexagonal form, which ix
reasonably well defined in the monoclinic structure.

Pepsin contains several salt-bridges, two of which
involve interactions between a residue from one of
the dyad-related helices (Wy and h'¢) and a residue
from the opposite lobe, e.g. Aspl38 (h'y), interacts
with Arg316 (C-lobe). The electron density for this

Figure 12

one of the least common mades of arginine—carboxyl
interaction according to Singh et al. (1987). the

hasic residue. heing mainly arginine in the mam-
malian aspartic proteinases and lysine in some of
the fungal enzymes. There are only two other hasic
residues in pepsin, Hiss3 and Lyx320. The imidazole
of His53 is sandwiched hetween the carboxyl groups
of Aspl18 and Aspa2, and makes a hydrogen bond
ta the carbonyl of residue 117, Lys320 is exposed to
solvent, although it has good side-chain density.

(a) Necondary struclure
Pepsin consists largely of fi-sheet, with six small,
right-handed a-helical segments. the Jongest being
helix he, which spans residues 225 to 236. The

i
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[ Flg'ure 13. A dmgrt:m of the I)E'})sill molecule showing the topological intra- and inter-lobe dyad axes (only fi-strand
engths are to seale). Note. some of the strands we have detined are interrupted by bends. short helices and. in one case. a

f-hairpin turn (T).
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pattern of secondary structure elements forming the
two domains is illustrated by Figure 13. The sheets
and helices are named by analogy with the scheme
adopted for endothiapepsin (Blundell et al., 1985,
1990), which emphasizes the intra and inter-lobe
2-fold symmetry. In each lobe, strands labelled a, b.
¢ and d are related to a’, b, ¢ and d' by the intra-
lohe dvad, and these strands are related to their
oquivaAlt'nt,s in the opposite lobe by the inter-lobe
dyad, e.g. ay and ac.

The Kabsch & Sander (1983) criteria were used to
define regions of secondary structure. Helices are
identified from consccutive hydrogen bonds to
residues three, four or five places along the chain
and B-sheets are defined by the parallel or anti-
parallel hydrogen-bonding pattern of neighbouring

Table 5
The B-strands forming sheets 3, Iy 1. 2y and 2¢
defined by the hydrogen-bonding criteria of Kabsch &
Sander (1983)

Initial residue Final residue Strand
A Sheet 3
Gly2 Leuti an
Rerkfi Leul67 ry
Leultb0 Tyrlsd n
Asp3ld e
Val326 re

Asnl80 ProlR3 ac
B. Sheet 1y

Gla7 Tyr9 an
Glut3 Gly1s bx
Val29 As ent
vy Glyl22 d'et
leuss Val40 dyt
GIndd Thrl06 N
Ser749 Asp87 b'n
Glu6d Thr74 a'y
€. Sheet 1.

Ghnlgl Leal94 be
Cys210 Val2t4 ect
Trp300 Leu302 d'ef
Leu221 Gly223 det
RNer286 Gly260 [P
Met246 Tle248 Ve
Ser239 Glu240 ae
D. Sheet 2y

(n2b Thr28 N
Thrl7 Tle20 by
Thri8 Val9l by
Tte94 Asnd8 N
Sheet 24

Glu202 Ala205 [
Ser196 Met199 be
He259 11e263 Ve
Val266 Leu270 «

1 These strands form .

1 These strands form .

§ This strand is preceeded by a short B-hairpin: 276-279, 282-
285 which forms an anti-parallel f-sheet with a/'ch’c (see Fig. 14).
(Note. strand ny forms part of sheets 3 and Iy (Fig. 14) whereas
the dyad related strand a, forms part of sheet 3 but only makes
one hydrogen hond with sheet 1).

residues to another section of the chain. Main-chain
¢ angles are not used in this definition. The
hydrogen-honding pattern of the molecule illus-
trated by Figure 14,

(by B-Sheets

The eentral underlying sheet of the aspartic
proteinase fold is formed by six  anti-parallel
f-strands: ayg, 'ne Gns oo Te and ae (Table 5). These
form sheet 3, which resides beneath the strands
forming the base of the active site cleft. Upon
sheet 3, which consists of strands from hoth the N
and C-terminal lobes, are two fi-sheets, one per
domain, each formed by seven or eight strands. The
residues forming these sheets, Iy and I¢, are detined
in Table 5. As can be seen in Figures 13 and 14, the
pattern of these strands is similar in both domains
and is related by a pseudo-2-fold axis. Both of these
sheets are highly twisted (Fig. 15) and adopt
different. three-dimensional structures, although the
topologies are identical. The structural differences
between these two sheets account for the smaller
number of equivalences (33) obtained when the two
lobes of the enzyme are least-squares fitted. The b,
e, b and ¢ strands are the most twisted, since they
fold to form extra sheets heneath 1y and 1e. The
strands named b'¢ and ¢/¢ are the most distorted,
each being interrupted by turns, short helices and in
one case a fi-hairpin (see Fig, 14).

Strands ¢y d'y dy and d'y dy ¢y in sheet Ty and e¢
d'c de and d'¢ de ¢ in sheet 1o form structures
resembling the Greek letter psi (Fig. 14). These
structures are parallel to sheet 3. and the (-termini
of the cc and ¢y strands associate to form the
catalytic centre. The stabilizing arrangement of

Figure 15. A collage showing the different fi-sheets that
form the pepsin molecule: 1¢, 2¢. 3. 2y, Iy (clockwise from

top right).
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Table 6
The main chain—main chain hydrogen-bonding
geometry of pepsin (ealewlated using COMPARE by
Dr A, M. Hemmings)

Average value  Standard deviation

A, Overadl moleeude

H..O length (&) 218 38
0. H-=N (deg) 1522 145
H. 0= angle (deg.) 1405 197
B B-Shects (as defined by Kabsch & Sander (1983) eriterin)
H.. 0 length (A) 206 @30
0. H  Noangle (deg.) 1548 49
H. . 0= angle (deg.) (IR -6

C.a-dlelices (hydrogen bonds formed by residues of the best defined
a-helical regions Wy he heyand b .)

H..O dength (&) 206 027

0. H - N angle (deg.) 150-0 i34

H.. O angle (deg.) 1358 T

hydrogen bonds is called the tireman’s grip (Pearl &
Blundell. 1984) involving threonine residues 33 and
216, and the main chain ocears here. The sequence
homology between both domains and with other
aspartic proteinases is greatest at the interface, as is
the 2-fold structural pseudo-symmetry hetween the
two lobes.

There are two extra anti-parallel sheets, 2y and 2¢
(Table 5). which arise from bends in the b, ¢. b’ and
¢ strands ot cach lobe and fold beneath sheets Iy
and 1. The arrangement of these f-sheets is shown
in Figure 15,

The mean hydrogen-hond parameters for the
whole molecule, f-sheets and a-helices are given in
Table 6. 1t can be seen that the f-strands have
somewhat better hydrogen-bonding geometry than
a-helices and the overall molecule, although the
differences are no  larger than the standard
deviations.

(¢) a-Llelices

Segments forming  right-handed  a-helices  are
shown in Figure 13 (and see Table 7). The positions

Table 7
The helical segments of porcine pepsin
Initial Final
residue residue Class Comment
Serl o Tyrll4 oAy Distorted
Vall36 Asplaz a
Th o236 oy
oy Distorted
yreie AR
Aspiod lle307 ag
Lend& Cyshy 30
Pross Asptio 30
Prol26 lel28 30
Ala130 Gly132 310

of these helices further emphasize the topological
intra and inter-domain 2-fold symmetry. Helices
h'n. he and W are equivalent in that they all oceur
after d strands (d'y, de and d'g. respectively).
Although this does not. apply to dy in pepsin, there
are two 3y, helices shortly after this strand at 48 to
50 and 58 to 60. Two more 3, helices oceur immedi-
ately before W'y, The dyad-related a-helical stretches
are shown in Figure 16,

All of the helices with the exception of helix W
(304 to 307) are partly exposed and have some
amphiphilic character especially the longest helix,
he (225 to 236), which has a solvated surface and a
buried hydrophobic side. Of these helices. only hy,
(110 to 114) forms part of the substrate-binding
cleft.

(d) Loops

Loops are regions of polypeptide hetween two
segments of regular secondary structure. The loops
of pepsin vary from relatively short f-hairpins to
long stretches of polypeptide containing one or more
reverse turns, Such turns are defined by Kabseh &
Sander (1983) as regions enclosed by single hydro-
gen bonds from residues § to i+3, i4+4 or i+5 and
are shown for pepsin in Table 8,

One class of turn is the f-hairpin, which can be
classified using X : ¥ nomeneclature (Sibanda et al.,
F989, and references therein). For example, if the
residues at the end of a f-ladder enclosing a two
residue loop are connected by two hydrogen honds.
the loop is classed as 2:2 but if one of these hydro-
gen bonds is not formed, the loop becomes a 2:4
hairpin. There are examples of both these types of
B-hairpin in pepsin (Table 8, where the loops are
named after the strands they connect, e.g. ayby).
The topologically related loops b'ye'y (Gly, Gly) and
bet’c (Asn, Gly) form standard 2:2 B-hairpins with
the ohserved preference for Asn, Asp or Gly at
position LI and Gly at L2. The gyry hairpin is
interesting, since pepsin has a two residue insertion
here relative to endothiapepsin. which has a 7:7
hairpin at this loop. The insertion of two residues
results in a 9:9 turn in pepsin in accordance with
the rules of Sibanda et al. (1989).

Other reverse turns include the conserved Asp-
Thr-Gly sequences at 32 to 34 and 215 to 217, which
both form type I turns, these being the most
common type for pepsin (Table 8) and for proteins
in general (Wilmot & Thornton, 1988). The disul-
phide bridge from 206 to 210 encloses the only
example of a type IT turn, which is the second most
common type.

(e) The aspartate dyad

The presumed catalytic site consists of the nearly
co-planar carboxyl groups of residues 32 and 215,
which are held in close proximity by a network of
hydrogen bonds involving the hydroxylic side-
chains three residues along from each aspartate
residue and the main-chain nitrogen atoms of the
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Table 8
The B-hairpin loops of porcine pepsin classified according to Sibanda et al. (1989)

Luop H-bondt Type Residue and ¢ angles (deg.)
agby NH13-09 3:30 Leult(53. 41) Aspll(44, 25) Thri2(— 125, —29)
[ NH25-020 404 Gly21(100, —173) Thr22(— 142, 112)
Pro23(=59, 169) Ala24(—79. 127)
W' NH75-078 24 Cly76(— 42, 32) Thr77(— 123, —54)
Wty NH94-091 2:2 17 GlyS2(68. 23) Gly9392, —1)
NN NHIG4-0154  9:9 1 Asnl58(30, 52) Aspl59(74. 1)
2

beee NH202-0199 2 25) (¢

T Asp200 (62 V20178, 2)

a'che NH241-0245 3:51 (240-245) loop disordered in hexagonal but is
3:5 type I in P2, pepsin) i

s 2020 Asn264(57, 24) Gly265(97. — 19)

Cetle 9 202 Asp2BO(—67. 17) Asp281(— 103, —39)

Gete NH320-0315 4.4 Arg316(—83. —5) Ala317(—78. —50)
Asn318(— 111, 8) Asn319(53, 5H5)

Other turns: defined by Kabsch & Sander (1983)

Loop H-bond, 4 Type  Torsion angles (i + 1 and i+ 2 residues)

endy NH35-032 I Thedd(—82, 6) Glv34( 105, 5)

A’y NH45-042 1 Vald3(—80. —8) Tyrd4(—90. 18)

A’y NH64-061 T S 73, —29) Thr3(~110, 11)

PNt NH174-0171 1 Serl72(— 9) Serl173(—69, —22)

ache GIYISS(— 167, —80) Tyr180(-- 82, 180)

Cete NH209-0206 H Ser207(—70. 131} Gly208(70. 16)F

cede NH218-0215 I The216(—77. —12) G217~ 107, 13)

1 The last hydrogen bond of the f-ladder.
1 Turn enclosed by disulphide bridge.

isolencine residues 120 and 301 make it difficult to
identify the negatively charged carboxyl group, and

002 A, The water molecule appears slightly closer
to Asp32 than to Asp215, which is contrary to what

Figure 16. Stereo views of the topologically related h'y, he and W'¢ a-helical segments of pepsin (downwards ovder).

conserved  glyeine  residues.  More  precisely,
the outer carboxyl oxygen atom of Asp215 is within
hydrogen-bonding distance of the Thr218 hydroxyl
group and the inner oxygen atoms of both aspartate
residues appear to accept hydrogen bonds from the
amide groups of glycine residues 34 and 217. The
hydrogen bonds to outer carboxyl oxygen atoms are
somewhat variable in the different aspartic protein-

ase structures and are presumably not essential for

catalysis, since rvesidue 218 is Ala in human renin.

The bound water molecule (W1), as shown i

Figure 17, is within hydrogen-bonding distance ©
both essential carboxyl groups forming contact
distances of 27 &, 29 A, 34 A and 2:9 A to aspar
tate oxygen atoms 32 0’ (outer), 32 0% (il}ller),
215 O (inner) and 215 0 (outer), respechve))"‘
The water and carboxyl group atoms including ¢
atoms have a r.m.s. deviation from planarity ©

is found for the fungal aspartic proteinases (Suguna
et al.. 19%70), although this may be due to the
inferior resolution of the pepsin analysis.

The arrangement of residues forming the fire-
man’s grip beneath the catalytic dyad is shown in
Figure 17. In this network, the hyroxyls of the
residues  following each aspartate residue form
hydrogen honds to cach side of the catalytic aspar-
tate residuc in the opposite lobe. The nearly iden-
tical environments of the catalytic carboxyl groups
provided hy the hydrogen bonds and dyad-related

it has been suggested that hoth catalytic residues of
aspartic proteinases may be protonated, although
only one carboxyl group would be negatively
charged at any one time (Pearl & Blundell, 1984).
Proof of this awaits a neutron diffraction study.

(1) The active site cleft

The overall appearance of the active site is similar
to that of endothiapepsin (Blundell et al., 1985,
1990). with the exception of the ¢cd'¢ loop (292 to

Figure 17. A stereo view of the active site aspartate residues and the fireman’s grip.
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299), which projects over the prime side of the cleft
in a similar manner to the active site “flap™ (loop 73
to 79) in the N-terminal lobe. The ¢cd’c loop is
topologically related to a helix (hy,) that occurs in
the ¢'yd'y loop and forms part of the S and 8,
pockets. Tt might be expected from Figure 14 that
the loop 240 to 245, which is related by the inter-
lobe dyad to the active site flap in the N-terminal
lobe, would cover the cleft to some extent.
However. the 240 to 245 loop adopts a more
exposed orientation with high temperature factors.

In an effort to define the residues that form the
binding subsites of this enzyme, the co-ordinates of
endothiapepsin complexed with the pepsin inhibitor
H-256 (Cooper ef al., 1987) were least-squares fitted
to the pepsin structure. This potent inhibitor was
designed from the sequences found at  pepsin
cleavage sites (Powers et al., 1977) and has a
reduced hond Phe®~Phe analogue (-('H,-NH-) in
place of the scissile bond (Hallett e al., 1985). The
potency of the inhibitor for endothiapepsin (A;=
60 num) is only shightly less than that for porcine
pepsin (K;=40 um). The inhibitor co-ordinates fit
the pepsin active site with few unfavourable contact
distances,

Aspartic proteinase inhibitors bind by forming a
conserved set of hydrogen bonds involving the main
chain of the ligand (Foundling et al.. 1987). For
example, the Thr219 side-chain of endothiapepsin
forms a conserved hydrogen bond to the amide
nitrogen of Py In pepsin. residue 219 ix serine and
the side-chain appears to he appropriately oriented
to form an equivalent hydrogen bhond with the
inhibitor. The NH group of Ser2l9 appears to
donate a hydrogen bond to the Py carbonyl of
H-256. as is found for the endothiapepsin complex.
Conserved hydrogen bonds involving the carbonyl
groups of dyad-related glyeine residues 217 and 34,
and the NH groups of Py and P, respectively. are
also found in the model.

A number of potential hydrogen bonds to the
inhibitor, in addition to those found with endothia-
pepsin, were apparent. The Py threonine of the
inhibitor is in a good position to form hydrogen
bonds with the Glul3 carboxyl group vie the side-
chain hydroxyl group. The Thr77 hydroxyl group,
in the active site flap of pepsin. appears able to form
a hydrogen bond with the amide nitrogen atom of
P,.

The bulky Phe-CH,-NH-Phe group of H-256 is
accommodated remarkably well by the pepsin
active site. These binding subsites consist, of hydro-
phobic residues, most of which were predicted from
the homology with endothiapepsin (Cooper et al.,
1987). Tyr75, Thr77, Trp39. He30, Phel17, Leull2,
Phelll and Hel20 scem to form a hollow that
accommodates the Py phenyl side-chain of H-256.
The N pocket, although more exposed, is formed by
the residy Te213, Te301. Tyrl89, Met290 and
Val292 as well as the main chain of the active site
flap. The hydroxyl group of Tyrig89 appears to
donate a hydrogen bond to the carbonyl group at
the P position. Involvement of this residue in

substrate binding was deduced from chemical modi-
fication by p-nitrophenyldiazonium chloride which
inhibits the enzyme (Zavada et al., 1977). Alkylation
of the 8 residue Met290 by a-bromo-4-amino-3-
nitroactetophenone below pH 3 partially inacti-
vates the enzyme (Tarasova et al., 1980). This iy
consistent with the closeness of the Met side-chaing
to the catalytic centre.

The length of the 292 to 299 loop in aspartic
proteinases is guite variable, gastriesins having the
longest and fungal pepsins the shortest. This region
may have some influence on the speeificity in view
of its disposition with respect to the active site cleft.
In human renin, it contains three consecutive
proline residues, which must rigidify this region of
the structure (Sibanda et al., 1984). Tn pepsin, this
loop extends over the cleft to a far greater extent
than in endothiapepsin. However, the prime side
residues of the inhibitor in the model appear fairly
exposed and are not covered by the loop, although
it projects towards this region. In contrast, the
central residues of the inhibitor are covered by the
73 to 79 Hap.

(g) Nolvend stracture

In the final refinement. 371 water molecules were
included in the asymmetric unit. These and
symmetry-related solvent molecules make a total of
137 hydrogen-hond contacts to cach protein, with a
mean length of 302 A. Protein oxygen atoms
dominate  these interactions,  with  main-chain
carbonyl groups, side-chain carboxyl oxygen atoms
and hydroxyl groups contributing 31%,. 21 9%, and
2200 respectively. In contrast, main-chain nitrogen
atoms contribute to only 1095 of the solvent hydro-
gen bonds,

Visual inspection revealed that seven solvent mol-
ecules are buried well within the protein. These
waters are all hydrogen-bonded to enzyme groups
with a notable preference for carbonyl oxygen
atoms (Table 9), therehy indicating the positions of
the hydrogen atoms in most cases, Three of these
water molecules (W38, W40 and W305) appear to
form a buried cluster with extensive interactions
with polar enzyme groups. The buried solvents have
U, values that are significantly lower than the
average value of 0067 A% for all water molecules
built in.

Table 9
Buried solvent sites

Residues within hydrogen-bonding

Sobvent U (A%) range

Wi6 029 0216, NH14

W3R 016 OW40. 0134, 0100

W40 034 ()38, NH38, N%237. OW38
W6 020 0124, 02138, N"'316
W24l 034 0112, 0117

W305 027 NH136, 036, 0122

W335 042 0307, 0153, NH155
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Figure 18. The arrangement of the molecules in the
hexagonal lattice.

A sl vigid group conformational change was
observed for endothiapepsin when inhibitors are
bound. The change consists of a relative movement
of two rigid groups, one of which forms a distinet
domain (residues 190 to 302) in the C-terminal lobe
(Sali et al.. 1989). In endothiapepsin, a solvent-filled
groove partially separates this lobe from the
remainder of the structure. A similar feature is
apparent in pepsin and the groove contains a tightly
bound cluster of water molecules (W198, W373 and
W370).

Due to the arrangement of the molecules in the
crystals. the active site cleft is contiguous with a
large sobvent-filled cavity that is roughly 30 A in
one dimension. This indicates that it may be poss-
ible to form inhibitors complexes by soaking the
erystals. A erystal packing diagram is shown in
Figure 1%,

(h) Conservation and invariance

Frqm an alignment of 24 of the known aspartic
Proteinase sequences (Blundell ef al.. 1990), it is
clear that apart from the catalytically essential
DTG sequences, there is a number of other residues
t‘h&f' are absolutely or highly conserved within the
fmmly, The pepsin structure was examined in an
effort to account for this conservation.

Thvr(* are ten absolutely conserved glycine
reﬂl(?\l(*s‘ most of which oceur at turns. The l)!‘i“.:ﬂ(“ll(,‘(‘
Dw';)zll((llt’w}\»;fi‘ns at. the glyrinev positions 34 and 217
carbox I m'upi t;h‘e, planarity of the (-amly.tlo
msideg)‘]]iﬂ“”ps‘ ‘l.hv: absolutely conserved glycine
d, w} o J‘ and 122 lie at. v,afeh efnl of the f-strand
tio;l r(:i: \l ;f beneath the active site olef.L Exalpinw

exe p(:lf 1|?ut the presence of a t@ldﬂ-(‘h‘{l‘lll at
Trp3y a]-]lllt:m‘vrvould (llsx‘}lpt 'the side-chains of
(5°0ﬂservg(1( Ner3s, l_mth of which are ahso?utely

*d due to their hydrogen-bonding role in the

active site. Trp39 donates a side-chain hydrogen
hond to the hydroxyl group of Tyr75, which forms
one side of the S; pocket and the presumptive
oxyanion hole. The side-chain of Ser35 is hydrogen-
bonded to the outer earboxyl oxygen of Asp32 in
the catalytic dyad in some of the aspartic proteinase
structures e.g. penicillopepsin. Similar arguments
apply to the absolutely conserved glycine residue at.
position 303, which is at the end of strand d'c.
A side-chain at this position would disrupt Thr218,
which  stabilizes the conformation of Asp215,
although this threonine residue is not essential (e.g.
Ala in human renin). These glycine residues, 122
and 303, lie within highly conserved and dyad-
related  -hydrophobic-hydrophobic-Gly-  sequences
that are present in the manunalian, fungal and
dimeric retroviral aspartic proteinases. These
residues lie within the central strands of the
structures (d'y and d'¢). Their conservation appears
necessary to allow a twist in the chain and 1o avoid
major steric disruption of the catalytic site residues
Many of the absolutely or highly conserved aro-
matic residues have a side-chain hydrogen-bonding
interaction with another conserved side-chain or the
main-chain of the enzyme, thereby stabilizing the
fold of the protein. For example, the side-chains of
Trp190 and Tyr275. both highly conserved, hydro-
gen-bond with the main-chain carbonyl groups at
positions 123 and 257, vespectively. The hydroxyl
group of invariant Tyrl4 forms hydrogen honds
with the main-chain carbonyl group of Serl56 and
the guanidinium group of Arg308. which is a highty
conserved residue. Tyrl4 lies at the end of the
activation peptide and may act as an anchor during
the refolding that oceurs on activation (see Iatver):
A similar role for several aromatic residues of tryp-
sinogen has been proposed (Huber & Bode, 1978).
In general, charged residues oceur at the surface
of proteins and are therefore not expected to bhe
highly conserved. However. there is a number of
highly or absolutely conserved polar residues in
addition to the catalytic aspartate residues. Inspec-
tion reveals that most of these residues are huried
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Figpre 19. The ("~ distances for pepsin and pepsino-
gen after least-squares titting using MNYFIT (Sutcliffe of
al.. 1987).
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Figure 20. (* tracings showing the close fit of pepsin (thick lines) to pepsinogen (thin lines). The activation peptide -
g 4 & pet pel S pel
may be seen filling the active site cleft. 0-2
and are involved in hydrogen honds to the main the carboxyl group of Asp87 (23/24) forms hydrogen
chain or other conserved residues. For example, the bonds with the side-chains at 61 and 63, which are | It [ | | |
side-chain NH, group of (InY9 (which ix conserved invariably Ser or Thr. Two other conserved buried 50 100 150 200 250 300
in 23/24 sequences) is hy(lr(»gmrh(mdvd to the main- side-chains forming hydrogen honds to main-chain Sequence number
chain carbonyl groups of residues 100 and 134 and carbonyl oxygen atoms are those of Asn37 (invar-
jant as Asn or Asp) and Serd2 (20/24), which
interact with the main chain at positions 130 and < 10
Gly 104, respectively. Similarly, the Aspti8 side-chain is 2
N A‘(S; s T8 s hy(lrugn‘n~b0miod to the main-chain NH group of 5
\\NH/ NH residue 54, and the carboxyl group of Asp304 inter- 2 o
: tsostere \‘ acts with the carbonyl groups of residue 216. 5 e
Rs 5 R, " \ Asp304 has been implicated by site-directed muta- &
i ] senesis as one factor in lowering the pH optimum of
. NH f | I & ! ' . g phe I 1
\N/CH'\C/ s cpe O - CH L ACH O catalysis (Yamauchi et al., 1989) ria its network ol
j CHTTGHTINA : o : P : . N It
R i\ \Rz \ N \ ; interaction with Asp2lh. (‘hanging Ala304 of renin,
OH 0 R ) OH R which is maximally active at neutral pH, to Asp
| ; | I o/ ‘vo“o D Jowered the optimum pH by approximately 005 pH
R/CH~\,CH/"NH\C/CH\NH/C‘\CHZ [ \§ o unit. The highly conserved residues Arg308 and Of 4
Thr i Thr Gly ! Aspll appear close enough to interact via a salt link :
219 ¢ c 218 217 Asp  Asp G‘)‘/ and residue 315, which is absolutely conserved as
3 h .
£ 2 > Asp or Asn, appears to form a side-chain hydrogen 02
bond to the main-chain carbonyl group of Aspl49. i
Helix 32P-38P However. similar arguments could not be applied to
Heiix 612 . TN AsplTl, which is very highly conserved (22/24) and ;
: '4\( . ( ) appears to lie on the surface on the opposite side of 3 1 i | L |
: RN \ yé 2= ) Y the enzyme to the active site cleft. The aspartate . 50 100 150 200 250 3é0
& N VT\\\\, //\\ Lys -BW;P residue at position 11 shows a snmlurldegr(j‘ of ‘ Sequence number
N SP A )L %\\ 36P ) exposure and high degree of conservation. These : 0u7e
i i /ﬂ Thr XHCHJ h oH ) side-chains were found to form salt-bridges with the 1 7
OH"‘—O' 12 =7 i Ni-{* OH H20 propart of pepsinogen involving 30 Lys and 13P [ -
N T ﬁ L O Arg, respectively (James & Sielecki, 1986). These °5C
CHy NH_CH - Cs (l) 5 0 0N residues may therefore be involved in the pH-depen- g 0501
. Ny ~ . - . .
p CH i The NH ol C\HZ ( \g /C dent denaturation of the propart that prm:edos the 2
2?,3 / 0 218 2\; psp Asp  Oly autolytic processing of proenzyme to enzyme. With 3
’ 32 215 34 yepsin, this is achieved by the large drop in pH as L N el
pepst . thy £ p i pt n v 028
Figure 21. A schematic view of the interactions pepsinogen 15 ecreted into the stomach, Activation £ c
between aspartic proteinase inhibitors and the active site first "“i“lve? “i"t()lytw cleavage Ml lm)d];}% T:ll: : § ]
. ¥ . Gth t onart interactions remainder of the activation peptide is su jciently * | )
cleft. (top) compared with the propart interactions of pev = w0 L A | i l A

exposed for further cleavage that occurs at 44P-1

pepsinogen (below). Broken lines show hydrogen-hond i
unleasing fully processed pepsin. Tyr9 is also highly

contact distances.

\ ’Uﬁv

TR AL A
” & “\" "IWN?‘!"J‘ L ',J'UL.W.

I
<@
~
o

T

(U} difference o

) The :

Figure 22. Plots showing the variation in [7,,, versus sequence number of pepsin (top). pepsinogen (middle

difference in U, (pepsin minus pepsinogen) is shown last. =050 |-

Fig. 22.
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comserved, and yet has no side-chain hydrogen
bonds except to solvent. Tt is, however, involved in
an interaction with the aspartate dyad in pepsi-
nogen (see below).

(i) Comparison of pepsinogen with pepsin

Least-squares fitting of the pepsinogen co-ordin-
ates (kindly provided by DrJ. Remington) to the
hexagonal pepsin structure resulted in 288 structur-
ally equivalent residues ((F separation less than
35 A for segments of more than 3 adjacent
residues), which overlap with a r.m.s. deviation of
092 A. The enzyme and proenzyme structures are
very similar, as can be scen in Figures 19 and 20.
Most of the differences oceur in the vicinity of the
cleft which, in pepsinogen, is covered and filled by
the propart (1P-44P) and the first 13 residues of
pepsin.

The propart. forms several salt-bridges to the
enzyme. including one involving the aspartate dyad
and Lys36P, which is wedged between two tyrosine
rings (9 and 370). the hydroxyl groups of which
hydrogen-bond to the outer carboxyl oxygen atoms.
Of these residues, Lys36D is almost invariant
(18/19) and Tyr9 is highty conserved (17/24). The
activation peptide Dblocks the active site in a
different. manner to peptide inhibitors. However,
come of the residues of the cleft that hydrogen-hond
to  inhibitors, as detined by several inhibitor
complexes of endothiapepsin (e.g. see Sali et al.,
1989), are involved in interactions with amino acids
of the activation peptide that form the first foop of
fully processed pepsin, e.g. hoth NH and O of
Ser219 are within hydrogen-bonding distance of
O, 0217 forms a hydrogen bond to the O of
Thrl2. Some of the differences hetween binding of
an inhibitor and the activation peptide, which forms
a distorted helix (3,,) in the active site, are illus-
trated by Figure 21.

Interestingly, the propart residues 21 to 9P struc-
turally align with residues 2 to 9 of pepsin, since the
first ten amino acid residues of the propart form
B-strand ay of pepsinogen. The pro-peptide is
cleaved  autolytically —at  position 16P-17P,
unleashing active pseudopepsin hefore cleavage of
the 44D-1 peptide bond, which may be a bimol-
ecular reaction. Whether residues 3 to 7 veplace the
first strand of pepsinogen before or after these
cleavage events is not known.

Both pepsin and pepsinogen have a similar varia-
tion in the average Uy, value along the polypeptide
chain, e.g. the regions 240 to 245, 278 to 282 and
294 to 298 have high thermal factors in both strue-
tures. Since activation of serine proteinases involves
4 disorder—order transition (Huber & Bode, 1978}, a
difference temperature factor plot for pepsin versus
pepsinogen  was caleulated (Fig. 22). The most
significant differences may he in the region 157 to
161, which was omitted from the pepsinogen co-
ordinates, presumably due to disorder, yet is clearly
defined in the pepsin structare. The conformation of
this loop in pepsin is stabilized by hydrogen honds

Hexagonal Crystal Form of Porcine Pepsin

221

Lo Asn8 and Aspll (agby ldop region), which are in
totally different positions in the proenzyme. In
pepsinogen, the residues nearest to the 157 to 161
loop are from the propart (7P-81), which may not
provide as much stability as the ayby loop residues
do in pepsin. The ay strand of pepsin represents
another region that has lower Us,o values than in the
proenzyme. These residues form a 3, helix within
the active site cleft of pepsinogen but, on activation,
they become part of sheet 3 and are held tightly by
hydrogen bonds.

Several stretches of polypeptide near the active
site cleft appear to adopt very different conforma-
tions in the proenzyme due to interactions with the observed earlier in inhibitor complexes '
propart. These include the active site flap (75 to 80) ) Cooper ef al., 1987) where it (lccﬁre JO a Iégq(e.g' see
and loop residues 201 to 298, which are forced away | with isomorphous  inhibitor c(;m )lexe‘ ~erl§xlient
from the cleft in pepsinogen and residues 240 to 244 2 kinetic experiments on the tem )(*r';t}uré ‘ls. R ;’&ent
and 277 to 282, which are closer to the cleft region of ke N (Hoftmann et al. lQSgi)yu‘nd ()itlel)till(telllce
when the propart is present. All these differences are Fruton (1976) on the che;nge of kea/K, e(r< ?}a &
reflected in the (P=C* distance plot of pepsin least- pocket. i filled also suggest a confor’i:ati’?naj h]e o
squares fitted to pepsinogen, which is shown in affecting the activation barrier \Vh)lt{; . al;gu
Figure 19. It can be seen that the hyy helix (110 to ¢ involves the enzyme or substrate ’()‘r l)oﬂty :‘18" t;)ls
114). which contributes to the 8, and 8, pockets, is ¢ determined from the available kil)et' ¢ l‘ltf‘““mt ¢
also somewhat perturbed by the propart. In native ’ e data.
pepsin. the Phel 11 and Leul 12 side-chains are posi- We we indebted )
tioned more deeply in the active site cleft. i S\l])]ml'{‘-l(lsd”’::»‘t};:(M[g,?‘ f“h" AFRC (L.U\Y-) for project

From comparison of the difference distance and — §° thank ])l-s I\ A;lfll'('(:vlir a Strnlx(lexpslylj) (to J.B.(). We
temperature factor plots (Rigs 19 and 22), it is clear Acadeniv of Sei o) for ]:;’:Vigm . F(;(lo]mv (Moscow
that the regions where pepsin and pepsinogen differ ) pepsin co-ordinate and reflection (iat,: {’Vet;:« ""l‘f"‘"""""‘
significantly correspond to the most Hexible regions i ful to DrJ. Remington (University ()‘f ()l'é‘gon;(f:)‘:- gr'atst-
of both proteins. The inherent Hexibility of these . sion ol the  pepsinogen co-ordinates in advanle};m?;‘
Joops and the active site helix (hy,) may facilitate Pllhjlf:mun We  thank  Drs (. Ahad»Za.paterK:
unfolding of the propart on activation. J: Iurwkwn.auul T Rydel {Abbott Lahoratories) for (hll

In addition to these local differences due to the k'}':.d donation of their monoclinic pepsin: co-ordinates,
propart, there appears to be a rigid body shift of ::”:'h\;. 4\"_'[1, as a useful comparison with our own struc-
part of the C-terminal lobe away from the cleft - Weare indebted to Dr A. Sali for his detection of the

. - - H rigid group move . : - !
region (Fig. 20), similar to that observed for endoth- ¢ p,-om,mﬂ}q[.u(,t‘:Irls:“::]':{lt:fslil];LI}Z“Jl" l:f"";.“s aspartic
y . G . . Jenkins for grawillg

the rotation function with this enzyme.

site cleft is oceupied by a peptide, be it inhibitor,
propart or presumably substrate. This was not

fapepsin upon co-crystallization with inhibitors (Sali the original crystals.

et al., 1989). This mobile rigid body of aspartic i :

proteinases was defined as residues 190 to 302 using i

difference distance maps. A similar rigid group i
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A penalty function is introduced into molecular dynamics simulations that improves on
carrent methods for enforeing nuclear magnetic resonance-bhased distance restraints. Rather
than treating nuclear Overhauser effects as static distance bounds. they are considered as
uantities that must be satisficd on average over the course of a simulation trajectory.
The efficacy of the method is demonstrated on the previously determined strueture of
tendamistat. The molecular dynamies simulations show that the time-averaged constraints
increase the mobility allowed to molecules. produce better agreement with distance bounds,
tmprove searching properties and give a better estimate of the conformational space

oceupied by the molecule in solution,

1. Introduction

Hixtorically. one of the strengths of nuclear mag-
netic resonance (nunert) spectroscopy has been its
ability  to provide information about dynamic
processes within molecules (Wiithrich, 1986). More
recently. however, the use of nm.r. as a tool for
structure determination bas brought about some
change of emphasis. Instead of looking to see what
motions  are ocewrring in - a  molecule.  current
distance geometry and restrained molecular dyna-
mics simulation techniques are all geared towards
generating single structures that are consistent with
all the experimental information. (fiven the known
dynamic properties of molecules, we would suggest
that thix may not be a generally correct treatment.

In the extreme case of a small molecule hopping
between two distinet. conformations, the approach is
demonst rably inappropriate. For example, the small
Peptide antamanide appears to exist in four
conformations related by the flip of two peptide
planes (Kessler et al., 1988). Nuclear Overhauser
effect (NOK) measurements, however, reflect. hoth
conformad ions simultaneously.  In  this case,
attempting  to satisfy all  the experimental
constraintx simultancously is equivalent to trying to
Benerate sone practically non-existent transition
State. In larger molecules, it may not be possible to
dentify <uch distinet conformational states, but

t Abbreviations used: n..r., nuclear magnetic

‘mlwo]mf\m‘e: NOE. nuclear Overhauser effect; MD.
L ecular dynaniics; r.m.s.. root-mean-square.
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measured NOEs are still average values reflecting
the whole region of configurational space visited hy
molecules on the n.m.r. time scale.

The problem with current methods is that they
use a simple penalty function that forces each single
structure to agree with all the experimental data.
A more physically realistic penalty function should
allow for some averaging of the NOE through time.
This inclusion of time leads naturally to the use of
such a  term in molecular dynamics (MD)
simulations  rather than a distance geometry
method.

Recently, we proposed such a term and demon-
strated its application on a simple. artificial model
system  (Torda ef al., 1989). Each particle was
allotted a memory of its history with respeet to
distance constraint violations and was only required
to satisfy the distance constraints over the course of
a trajectory. Here, we apply the procedure to the
realistic case of refining a large polypeptide using
published n.m.r. data. These results are then
contrasted  with  those obtained by a more
conventional refinement.

For assessing the use of these time-averaged
distance constraints, we used the published distance
geometry structures and data from tendamistat
(Kline et al., 1988). This is a polypeptide of 74
residues, M, 8000, and has been referred to as the
most precisely determined solution structure of a
protein (Wiithrich, 1989). This was a particularly
interesting test case as the large volume of experi-
mental data resulted in a family of very tightly
clustered distance geometry structures with no
evidence of conformational averaging.
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