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Abstract 

The mutation Ala28 to serine in human immunodeficiency virus, type 1, (HIV-I) protease introduces putative hydrogen 
bonds to each active-site carboxyl group. These hydrogen bonds are ubiquitous in pepsin-like eukaryotic aspartic 
proteases. In order to understand the significance of this difference between HN-l  protease and homologous, eukaryotic 
aspartic proteases, we solved the three-dimensional structure of A28S mutant HIV- 1 protease in complex with a peptidic 
inhibitor U-8936OE. The structure has been determined to 2.0 8, resolution with an R factor of 0.194. Comparison of 
the mutant enzyme structure with that of the wild-type HIV-I protease bound to the same inhibitor (Hong L, Trehame 
A, Hartsuck JA, Foundling S, Tang J, 1996, Biochemistry 35:10627-10633) revealed double occupancy for the  Ser28 
hydroxyl group, which forms a hydrogen bond either to one of the oxygen atoms of the active-site carboxyl or to the 
carbonyl oxygen of  Asp".  We also observed marked changes in orientation of the Asp2' catalytic carboxyl groups, 
presumably caused by the new hydrogen bonds. These observations suggest that catalytic aspartyl groups of HIV-1 
protease have significant conformational flexibility unseen in eukaryotic aspartic proteases. This difference may provide 
an explanation for some unique catalytic properties of HIV-I protease. 
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Human immunodeficiency virus, type 1 (HIV-I)  is the causative 
agent of the acquired immunodeficiency syndrome (AIDS) (Shi- 
mada et al., 1993). HIV-1 encoded protease is responsible for the 
processing of gag and gag-pol polyprotein precursors and is essen- 
tial for the assembly of the viral interior structure to form infectious 
virions (Debouck  et al., 1987; Graves et al., 1988; Hansen et al., 
1988). Intensive efforts have been made to develop specific and po- 
tent inhibitor drugs targeted to this enzyme for AIDS therapy. 

The functional structure of HN-1 protease is a homodimer in 
which each monomer contributes one of the two catalytic aspartic 
acids in the active site  (Lapatto et al., 1989; Navia et al., 1989; 
Wlodawer et al., 1989). The catalytic apparatus of  HIV-1 protease 
is nearly identical to that of the pepsin-like proteases of the eu- 
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karyotes, except for  one major structural difference. A pair of 
hydrogen bonds from a serine or threonine to the active-site as- 
partic residues is present in nearly all eukaryotic aspartic proteases, 
but absent in HIV-I protease because the residue corresponding to 
the serine/threonine is Alaz8.  The functional role of these two 
hydrogen bonds has been studied by enzyme kinetics on mutant 
HIV-1 protease A28S, in which Ala28  is changed to a serine to 
install these hydrogen bonds, and on mutants of pepsin and rhizo- 
puspepsin with active-site hydrogen bonds removed. All three mu- 
tant enzymes showed a large decrease in kc,, values compared to 
their respective wild-type enzymes, without significant shift of the 
active-site pK, values (Id0 et al., 1991; Lin et al., 1992). These 
results suggest that, in spite of the similarities of the active-site 
structures, for efficient catalysis, HIV-I protease prefers the ab- 
sence and the eukaryotic enzymes prefer the presence of these 
active-site hydrogen bonds. To examine the structural consequence 
of extra hydrogen bonds in the active site of HIV-I protease, we 
determined the X-ray crystallographic structure of its mutant A28S 
in complex with a peptidic inhibitor U89360E (Table 1). 

300 



HN-I protease mutant A28S shows active-site mobility 30 1 
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The  electron  density  map of the  mutant  enzyme  revealed  two 
side-chain  orientations of SerZ8.  One  orientation is consistent with 
the  formation of  hydrogen  bonds  to  active-site  carboxyl  groups of 
AspZ5, whereas  the  other  orientation  suggests  the  formation of  hy- 
drogen  bonds  from SerZ8 to the backbone  carbonyl  groups of  Asp3'. 
These  two  orientations are. clearly  demonstrated  in  the  electron  den- 
sity  map (Fig. 1).  The  occupancy  values for each  orientation  have 
been  determined  by  least-square  refinement as described in Mate- 
rials and  methods.  They are 56% and 44%, respectively, for OG1 
and  OG2 of Serm8, 70%  and  30% for SerBZ8. In both  monomers, 
the  orientation  that  hydrogen  bonds  to  the AspZ5 is of higher  oc- 
cupancy.  The x1 torsion  angles of SerZ8 in  the  two  orientations  (to- 
ward AspZ5 and Asp", respectively) are -78 and -178", 
respectively, in the  A  monomer  and -74 and  173"  in  the  B  mono- 
mer. These values  are  close  to  the  preferred  angles  in  protein  struc- 
tures  (Blaber et al.,  1994). 

Conformations of the  active-site AspZ5 carboxyl  groups in  the 
mutant  protease are changed  from  those in the  wild-type  enzyme. 
Corroboration of this motion  comes  from  the  matched  positive  and 
negative  contours of Fo(A28S) - Fo(wr) difference  electron  density 
map (Fig. 2). Several facts substantiate the veracity  of these  peaks. 
The  A28S  and  wild-type  crystals  are  quite  isomorphous.  The  max- 
imum cell  dimension  difference is 0.7%. The  R-factor  between the 
observed  mutant  and  wild-type  structure  factors  is  0.078.  More- 
over,  superposition of  the two  crystallographic  structures  only  re- 

Fig. 1. Ser28  side  chain  of H I V - 1  mutant  protease  A28S  assumes two 
orientations  (designated  as OG1 and  OG2).  resulting in a  h  drogen  bond 
either  to  Aspz5  (hydrogen  bond  distances are 2.8 8, and 2.6 for  A  and B 
monomers,  respectively) or Asp3' (2.5 8, and 2.6 8, for  A  and B monomers, 
respectively).  Residue numbers  are  preceded  by A or B to  denote  the H I V - 1  
protease  monomer.  Density  contours  at 6u  are from the I F o ( ~ 8 s ) I  - I Fo(m)l 
difference  electron  density  map. 

quires  a  maximum  rotation of 0.08" and  a  maximum  translation of 
0.1 A. Finally,  the  peaks  persist  whether the phases  from  the A28S 
or wild-type  structure are used in calculation of the  difference map. 

After  crystallographic  refinement,  the  active-site  residues  (A20- 
A30  and  B20-B30) from  the  A28S  mutant  and  wild-type  struc- 
tures  were  aligned. RMS deviations  (RMSDs) for the  main-chain 
and  side-chain  atoms  were  0.14 A and  0.29 A, respectively.  Ac- 
cording  to  this  alignment,  the  refined  positional  changes  for  the 
active-site  carboxyl  oxygen  atoms  in the mutant  protease are 
0.47 A and  0.33 A in the A  monomer  and  0.34 A and 0.19 8, in the, 
B monomer. The AspZ5 carboxyl  position  in  the  A  monomer of  the 
mutant  enzyme  is  apparently  rotated  about 14"; this is caused  by 
changes  in  both x1 and x2 of AspAZ5 and  an  adjustment of the 
main-chain  torsion  angles (Fig. 2). This rotation  shortens the dis- 
tances  between the carboxyl  oxygen of AspAZ5 and  the  OG1 of 
SerAZ8  and is consistent  with  the  formation of a new  hydrogen 
bond.  When SerA28 adopts  the  alternate  orientation  toward Asp3', 
the  rotation of the AspZ5 side  chain  is  not  expected.  Therefore,  the 
observed  rotation  angle is a  weighted  average of two conforma- 
tions  corresponding  to  two  SerZ8  orientations.  The  actual  rotation 
when  OG1  of SerZ8 interacts  with  AspZ5  would  be  greater  than  the 
14" angle  determined  by  crystallographic  refinement. In the  B 
monomer,  crystallographic  refinement  determines  a 7" rotation of 
AspZ5 with a  concomitant  motion of 0.34 A in the  direction  per- 
pendicular  to  the  catalytic  carboxyl  group  compared  to AspZ5 in 
the  wild-type  enzyme  (Fig.  2).  As  a  result of the  motions of  the 
AspZ5 side  chains,  the  two  catalytic  carboxyl  groups are. closer to 
each  other in the  mutant  enzyme  than  in  the  wild-type  enzyme. 

Discussion 

Structural  evidence  described  above  suggests  that  the  active-site 
carboxyl  groups of HN-1 protease are mobile;  this  became  visible 
in  the crystal  structure upon perturbation by  the  A28S  mutation. 
This strongly  contrasts  with  the  structural  evidence  from  the  eu- 
karyotic  aspartic  proteases,  where  the  hydrogen  bonds  to  catalytic 
aspartyl  groups  are  present in  the native  enzymes.  Although  many 
structures of eukaryotic  aspartic  proteases  have  been  determined, 
no active-site  structural  mobility  analogous to that  in  A28S HN-1 
protease has  been observed. In fact, no  side-chain  disorder  has 
been  observed for Ser3' or T h r 2 I 8  of  pepsin  and  related  enzymes 
(Cooper  et  al.,  1990;  Davies,  1990;  Wlodawer & Erickson,  1993). 

The  conformation of  the active site of aspartic  proteases  is  well 
supported by a  hydrogen  bond  network  that  has  been  called  the 
fireman's  grip  (Abad-Zapatero  et  al.,  1990;  Davies,  1990).  The 
function of this network is presumably  to  provide  structural  sta- 
bility  for  the  catalytic  residues. In light of this  rigidity,  the  coplanar 
carboxyl  groups of the active-site  aspartic  acids  are  commonly 
viewed  as  having  fixed  positions.  This  has  been  deemed  reason- 
able for the  catalytic  mechanism. In nearly  all  the  crystal  structures 
of aspartic  proteases  (including HN-1 protease) not in complex 
with  an  inhibitor,  a  water  molecule  located  between two active-site 
aspartic  acids  forms  hydrogen  bonds  to  both  carboxyl  groups 
(Davies,  1990).  It is generally  believed  that this water  molecule 
acts as the  nucleophile for catalyzing  the  hydrolysis of peptide 
bonds  (Suguna et al., 1987).  One  can  assume  that  correct  position- 
ing of the  electron  lone  pairs of the  water  oxygen  atom  and  the 
substrate is of critical  importance for the  catalysis,  and  that  stabil- 
ity of the  active-site  carboxyl  groups  and  the  nucleophilic  water 
molecule  would be beneficial. 
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Fig. 2. Rotation of the  catalytic  carboxyl  group of Asp= in HIV-1  protease  mutant  A28S  compared to the  wild-type  enzyme.  Density 
contours  at +2Sa  are from  the I F o ~ ~ ~ , l  - IFocw,I difference  electron  density  map.  Red  contours are positive density  and green 
contours are negative  density.  The red model  illustrates  the  mutant  crystal  structure  and  the  blue  model (for Aspz5  only) is from the 
wild-type  structure.  Electron  density  within 4.0 8, of any  Aspz OD atoms  is  shown except that  positive  density  at  the  mutant Serz8 
is omitted. 

However,  HIV-1 protease  has  eight  different  natural  cleavage 
sequences in the gag-pol polyprotein,  and  there is steric  interaction 
between the subsites of a  polypeptide  substrate (Ridky et  al.,  1996). 
It is likely  that the eight  natural  substrates  assume  somewhat dif- 
ferent  pretransition-state  positions in the active site of  HIV-1  pro- 
tease. These arguments  suggest  the  merit of flexibility  in  the  active 
site of  HIV-1 protease to facilitate the productive  juxtaposition of 
the  active-site  water  molecule  and  the  substrate.  A  restricted mo- 
bility of the catalytic  carboxyl  groups in mutant  enzyme  A28S 
might  reduce the catalytic  efficiency (Id0 et al.,  1991).  A  potential 
dichotomy  from this line of  argument is the  fact  that  pepsin-like 
enzymes also have  diverse  substrate  sequences,  yet  no  active-site 
mobility has been  observed.  However,  endothiapepsin  and  pepsin 
exhibit  rigid body  movements  of their two domains  relative to each 
other upon the  binding of transition-state  analogue  inhibitors (Sali 
et al.,  1992;  Fujinaga et al., 1995).  The  mode  and  amplitude of the 
movement,  which are dependent upon the  structure of the  inhibi- 
tors,  would  result  in  different  relative  positions of the inhibitor  or 
substrate to the  catalytic  apparatus (Sali et al.,  1992).  The  domain 
movement  may  provide  adjustment  of the substrate  position  rela- 
tive to the  nucleophilic  water in pepsin-like  proteases. On the  other 
hand,  rigid-body  domain  movement  upon  binding  of  transition- 
state  analogue  inhibitors has not  been  observed  in  HIV-1  protease 
(J.A.  Hartsuck,  unpubl. results),  and  the  adjustment of the  catalytic 
water  could be more  dependent  on  the  movement of the  active-site 

Movement  of active-site  carboxyl  groups of  HIV-1 protease has 
been  suggested  previously for the  proton  donation step of the HIV-1 
protease  catalytic  mechanism.  Silva et al. (1 996)  studied  a  compu- 
tational  model of this hydrolytic  mechanism  and  suggested  that, for 

carboxyl  groups. 

efficient  donation  of  a  proton  to  the  amide of the scissile peptide, 
two conformational  changes  must  take  place  during  catalysis.  The 
hydrated  peptide  bond  must  make  an anti-gauche conformational 
transition and the proton  donor, one of the active-site carboxyl 
groups,  must  undergo  a  significant  conformational  rotation  (Fig. 3, 
left).  The  proton  donation to the  amide  group of scissile  peptide  bonds 
is  common to the  catalytic  mechanisms of both  eukaryotic  aspartic 
proteases  and  HIV-1  protease  and,  thus,  cannot  be  credited for the 
higher  mobility  in the active  site of the  latter  alone.  However, HIV-1 
protease  possesses  a  unique  specificity for hydrolyzing  substrates 
with  proline at Pi subsite (Poorman et al.,  1991); this specificity is 
not  seen  in  pepsin-like  enzymes.  For  example, the cleavage  site be- 
tween the capsid  protein (p24) and  p2 is a  Leu-Ala  bond,  whereas 
that  between the matrix  protein (p17) and  the  capsid  protein (p24) 
is a 'Qr-Pro bond. This substrate  diversity  presents  a  more  compli- 
cated  steric  problem  in  catalyzing  the  proton  donation step in which 
HIV-1 protease  must  accommodate  the  proton  transfer  from  active- 
site  carboxyl to either  the  scissile  amide or imide (Poorman et al., 
1991;  Davies,  1990).  From our model  building of this hydrogen  do- 
nation  step,  one of the active-siteAspZ5  carboxyl  groups  would  need 
to rotate  about 80°, in order to be at  the  best  position to donate its 
hydrogen  to  the  nitrogen of  an imide peptide  bond  (Fig. 3, right). 
In contrast, the roiation of  Asp"  need be only  about  20" to be in an 
optimal  position to hydrolyze an amino peptide bond (Fig. 3, left) 
(Silva et al.,  1996). The large  difference in the required rotation  of 
Asp" is due to the ring  structure of proline,  which  places the elec- 
tron  pairs of the  peptide  nitrogen  atoms  at  very  different  angles for 
these two types of substrates.  These  arguments  suggest  that  a  more 
flexible  active site may be the  means  used  by  HIV-1  protease to ac- 
complish  the  hydrolysis of  both types of peptides. 
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Asp 25 Asp 25 

Asp 25 Asp 25 

Fig. 3. Modeled reaction intermediates of HIV-1 protease-catalyzed hydrolysis at  the hydrogen donation step. Left: Hydrolysis of an 
amide peptide bond with a phenylalanine in the Pi subsite. Rotation of Asp25 of about 20" would be optimal, with respect to distance, 
for proton donation to the peptide nitrogen (Sila et al., 1996). Right: Hydrolysis of an imide peptide bond with a proline in the Pi 
subsite. The  same Asp2' must rotate about 80" to be at optimal position for donating its hydrogen to the imide nitrogen. C, yellow; 0, 
red; N, blue; electron pair, lavender; hydrogen donation, green arrow. 

To further  characterize  this  system, we  have  compared  the 
kinetic  parameters of  wild-type  and  A28S  HIV-1  protease  with 
substrates  designed to resemble  cleavage  sites in the HIV-1 gag- 
pol ploy-protein  containing  either  an  amide or imide  scissile 
bond.  The  mutation  causes  a  more  than  1,500-fold  decrease  in 
k,,,/K,,, values for both the amide  and  the  imide substrates 
(Table  2).  For  both  substrates,  the  decrease  in  catalytic  capabil- 
ity  upon  mutation  results  from  lower kc,, values  for  the  mutant 
enzyme.  Moreover,  comparison of the  kinetic  constants for the 
wild-type  and  mutant  enzymes  does  not  distinguish  between  the 
two  types  of substrates.  The  hypothesis,  which  results  from  our 
crystallographic  work,  suggests  that, for HIV-1 protease,  imide- 
containing  substrates  require  more  mobility of  the catalytic  as- 
partic  acids  than  do  amide  substrates.  Even  though  an  alternate 
aspartic  acid  position is demonstrable in A28S mutant-inhibitor 
crystal  structure, the Asp25  mobility  is  assuredly  less  in  the  mu- 
tant  than  the  wild-type  enzyme  because,  for  a  fraction of  the 
time,  the  active-site  carboxyl  group  is  held by the  designed  hy- 
drogen  bond.  However, because  carboxyl  group  mobility is re- 
quired for both  substrates,  comparison of wild-type  enzyme  to 
the  less  flexible  mutant  does  not  demonstrate  relative  predilec- 
tion for one of substrate  types.  Based  on  the  above  observations 
and  analysis,  the  correlation  between  active-site  mobility  and 
substrate  specificity  could  be  verified  best by additional  crystal- 
lographic  examples  or  spectroscopic  studies,  which  might  actu- 
ally  document  motion  of  the  catalytic  carboxyl  groups. 

Most  transition-state  analogue  inhibitors of HIV-I protease  im- 
itate  the  addition of  an  hydroxyl  group to the  scissile  carbonyl 
carbon.  However,  proton  donation  to  the  scissile  nitrogen  repre- 
sents  a  later  step  in  the  hydrolytic  mechanism.  The  discussion 
contained  herein  suggests  design of inhibitors  that  mimic  the tran- 
sition state of the  proton  donation to an imide  substrate. 

Materials and methods 

Protease pur$cation and preparation 

The  cloning,  expression,  and  mutagenesis of  HIV-1 protease  have 
been  described  previously (Id0 et al., 1991).  Recombinant  HIV-1 
protease  was  obtained  from Escherichia coli inclusion  bodies,  which 
were  dissolved,  refolded,  and  purified  according  to  the  previously 
published  procedures (Id0 et  al., 1991;  Hong et al., 1996)  with 
minor  modifications as follows.  The  refolding  was  performed by a 
two-step  overnight  dialysis  procedure  at 4 "C, first  against 10 mM 
Na acetate, pH 5.0, 1 mM dithiothreitol (DTT), and  then  against 
10 mM sodium  phosphate, pH 6.5, 1 mM DTT, followed by a brief 
centrifugation to remove  any  small  amount  of insoluble  materials. 
The  inhibitor  U-89360E  was  obtained  from  the  Upjohn  Company. 
It is  a  derivative of  Ac-Phe-Val-Gln-Arg-NH2  in  which  the  peptide 
bond  between  the  Phe  and  the  Val is  replaced by  an  hydroxyeth- 
ylene  (-CHOH-CH2-),  and  the  Phe  side  chain  is  replaced  by  a 
cyclohexane. 

Crystallization procedures 

Crystallization of the  mutant  HIV-1  protease  was  accomplished  by 
the  hanging  drop  vapor  diffusion  method  at 20°C. The  protease 
solution  was  prepared  at 8 mg/mL  concentration in 20 mM Na 
acetate,  pH 5.5, 1 mM DTT,  and  mixed  with a  10-fold  molar 
excess of inhibitor  U89360E.  The  mixture  was  incubated  at  room 
temperature  for  3  h on a  shaker at low  speed.  A  small  amount of 
precipitate  was  removed  by  high-speed  centrifugation,  and  the 
supernatant  was  further  clarified  by  passing  through  a 0.2-pm 
spin filter before  initiating  crystal  trials.  The  hanging  drops  were 
prepared by  mixing 4 pL of protease/inhibitor  complex  solution 
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Table 1. X-ray crystallographic determination of A28S H N - I  
protease mutant  structures with inhibitor U89360E 

Wild type" A28S 

Resolution (A) 

Data completeness 
Overall 
High resolution 

R-factor' 
RMSD from ideal 

Bond length (A) 
Bond angle (deg) 

Number of water molecules 
Average B-factor (A2) 

for protein atoms 

R.7.w 

1'6 I 
a = b = 63.2, 

c = 83.6 
2.3 
0.039 

90.7% (20-2.3A) 
71.7% (2.42-2.3A) 
0.0181 (20-2.3A) 

0.01 1 
2.7 
78 
28.1 

P61 
a = b = 63.6, 

c = 83.7 
2.0 
0.064 

92.6% 

0.194 (20-2.0 A) 
75.9% (2.2-2.0A) 

0.019 
3.2 
63 
37.6 

aData from Hong et al. (1996). 
bR-factor = Z I I F,,] - I F,-I I/Z IF, 1, where F, and F, are the observed and 

calculated structure factors. 

with equal volumes of reservoir solution that contained various 
(NH4)2S04 concentrations as well as 200 mM sodium phosphate/ 
citric acid buffer at different pH values. Crystals of good diffrac- 
tion quality were obtained at 30% (N&)2SO4, pH 6.8, in about a 
week. 

Structure determination 

X-ray diffraction data were collected from a single crystal using a 
Siemens multiwire area detector mounted on  a four-circle goni- 
ometer. The data  were processed using FRAMBO  and  SAINT 
software packages from Siemens. A total of 55,888 reflections 
were recorded. They were scaled and merged into 12,040 unique 
reflections. The diffraction pattern of the mutant protease was 
consistent with space group P6,, which is isomorphous with that of 
the wild-type protease bound to the same inhibitor (Hong  et al., 
1996). To facilitate comparison, the data statistics and unit cell 
parameters for both structures are shown in Table 1. 

The refinement was performed using the crystallographic refine- 
ment program package TNT (Tronrud et al., 1987). The isomor- 

phous wild-type HIV-1 protease structure (Hong  et al., 1996) was 
used to calculate the initial phases. The molecular graphics pro- 
gram 0 (Jones et al., 1991) was used for map display and model 
fitting. The initial R-factor defined as 11F03,1 - IF,.II/C I F , , I  was 
0.308. After several rounds of model building, each followed by 
additional cycles of refinement, the R-factor dropped to 0.194 with 
a good geometry (Table 1). The final structure was analyzed with 
the program PROCHECK (Laskowski et al., 1993). which showed 
that 96% of the residues are in the most preferred regions of the 
Ramachandran plot and all the other parameters are within their 
expected ranges. We observed two equally occupied inhibitor ori- 
entations in the active site related by the twofold symmetry axis of 
the protease dimer, as we did for the wild-type enzyme. In addi- 
tion, both side  chains of SerA2X and SerR2* showed double orien- 
tation (Fig. 1). At the beginning of the structural refinement, the 
occupancies of each of the orientations of Ser2*  side chains were 
set equal at 50% (OG1 and OG2). The refined B-factors of the two 
orientations were found to be substantially different. In order to 
determine the occupancies of each orientation, at the final stage of 
the refinement, the B-factors of both orientations were held equal 
to the average value for the two OG atoms. Subsequent occupancy 
refinement was performed for OG1 and OG2 of SerAZ8 and of 
SerB28, during which the rest of molecule was subjected to normal 
positional and B-factor least-squares refinement. The common 
B-factor of OG1 and OG2 was adjusted manually so that the sum 
of their occupancies was 100% after occupancy refinement. The 
final B-values for OGl and OG2 are 30.5 for  SerA2* and 29.9 for 
SerBZ8. Final coordinates for the HIV-I protease A28S mutant 
structure have been deposited in the Protein Data Bank under the 
code laxa. To alleviate any bias in comparing the mutant and 
wild-type protease structures, the latter was subjected to several 
cycles of TNT refinement before structural comparison. 

Transition-state model  building 

Model building for the proton donation step of the catalytic pro- 
cess was based on a crystal structure of HIV- 1 protease in complex 
with a difluoroketone transition-state inhibitor (Silva et al., 1996). 
For the amide scissile bond (Fig. 3, left), the atomic positions were 
taken from the PDB entry (Idif), except that the two fluorine 
atoms were replaced by a proton and a pair of electrons poised to 
accept the proton donation. For the imide bond (Fig. 3, right), the 
phenylalanine at PI ' was replaced by a proline, the Ccu atom of the 
proline ring was positioned to preserve the course of the polypep- 
tide backbone. There are two conformations possible for the tet- 

Table 2. Kinetic parameters of wild-type and A28S H N - I  protease using  an amide and  an  imide substrate 

kcat  K m  k < u c / K r n  
Substratea Enzyme ( S - I )  (mM) (mM" s I )  

Peptide C (TATIM/MQRGN) 
Wild-type' 
A28S 

Peptide E (RQGTVSFNF/PQITL) 
Wild-typeb 
A28S 

58.8  
0.018 

62.7 
0.026 

0.5 
0.24 

0.54 
0.34 

117.6 
0.077 

116.1 
0.078 

"Substrate sequences are in single-letter amino acid codes. 
'Data for the wild-type enzyme were taken Ermolieff et al. (1997). 
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rahedral nitrogen of the proline ring, one was excluded because of 
steric  overlap between the proline side-chain atoms and the pro- 
tease backbone atoms at residue 27. 

Kinetic data 

The kinetic data were collected using both the steady-state method 
and mixed substrate assay as described previously (Ermolieff 
et al., 1997). Two peptide  substrates used were: Peptide C, 
TATIM/MQRGN, and Peptide E, RQGTVSFNF/PQITL, in which 
the cleavage site is indicated by a slash. 

Note  added in proof 

In a recent publication, Vance et al. (Vance E, LeBlanc DA, 
London RA, 1997. Biochemistry 36 13232-13240) demonstrate 
cleavage of a 4-fluorophenylalanine-Pro bond by pepsin. However, 
the kc,,/KM for this reaction is  at least 400 times less than for a 
comparable reaction with HIV protease. Consequently, this result 
should not detract from the suggestions contained herein concem- 
ing the different catalytic capabilities of pepsin and HIV protease 
toward substrates with proline in the P; position. 
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