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Abstract

Aspartic proteinases share a conserved network of hydrogen kterdsed “fireman’s grip), which involves the
hydroxyl groups of two threonine residues in the active site Asp-Thr-Gly trigléts26 in the case of human
immunodeficiency virus type (HIV-1) PR). In the case of retroviral proteinasd®R9, which are active as symmetrical
homodimers, these interactions occur at the dimer interface. For a systematic analysis of the “fireman’s grip,” Thr26 of
HIV-1 PR was changed to either Ser, Cys, or Ala. The variant enzymes were tested for cleavage of HIV-1 derived peptide
and polyprotein substrates. PRR6S and PRT26C) showed similar or slightly reduced activity compared to wild-type
HIV-1 PR, indicating that the sulfhydryl group of cysteine can substitute for the hydroxyl of the conserved threonine
in this position. PRT26A), which lacks the “fireman’s grip” interaction, was virtually inactive and was monomeric in
solution at conditions where wild-type PR exhibited a monomer—dimer equilibrium. All three mutations had little effect
when introduced into only one chain of a linked dimer of HIV-1 PR. In this case, even changing both Thr residues to
Ala yielded residual activity suggesting that the “fireman’s grip” is not essential for activity but contributes significantly
to dimer formation. Taken together, these results indicate that the “fireman’s grip” is crucial for stabilization of the
retroviral PR dimer and for overall stability of the enzyme.
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Formation of infectious retrovirus particles depends on the activitylobal structures with a deep, extended cleft containing the active
of the viral proteinas€PR) that cleaves viral precursor polypro- site, which is formed quasi-symmetrically from both domains, each
teins(Gag and Gag-Pbpinto individual functional proteing§\Vogt conferring one catalytic aspartate. Retroviral PRs are equivalent to
& Eisenman, 1973; Vogt et al., 19¥5Cleavage is followed by a one domain of the eukaryotic enzymes and are only active as
dramatic morphological rearrangement of the internal virion strucchomodimers, where each molecule in the dimer contributes one
ture, termed maturation. PR itself is made as part of the Gag-Pdhialf of the active site. The two monomers are related by a twofold
polyprotein and is activated in the process of maturation. Inacti-axis of symmetry with the dimer interface being formed by a
vation of PR by either mutation or chemical inhibition leads to four-stranded antiparall@-sheet containing two strands from each
formation of only immature viruses and consequently to loss ofmolecule(Weber, 1990 The close spatial arrangement of the N-
infectivity (Kohl et al., 1988. Therefore, inhibitors targeted against and C-termini of the two monomers allowed the two chains to be
the active site of human immunodeficiency virus typ€HIV-1) artificially linked together by a short peptide sequeriGheng
PR have recently led to a major breakthrough in the treatment oét al., 1990; Dilanni et al., 1990; Bizub et al., 1991; Krausslich,
AIDS (von der Helm, 1996 1991). Such covalently linked dimers of retroviral PRs have been
Retroviral PRs belong to the family of aspartic proteinases thashown to cause premature processing of viral polyproteins and
includes proteinases of eukaryotic cells, such as pepsin, chymosinpnsequent loss of particle formatidBurstein et al., 1991; Kréuss-
cathepsins D and E, and renin. All aspartic proteinases form bitich, 1991, supporting the hypothesis that dimerization is an im-
portant regulatory factor governing PR activation. In addition, the
Reprint requests to: Hans-Georg Krausslich, Department of Wology’avallablllty of single chain PR dimers permitted the analysis of

University of Heidelberg, Im Neuenheimer Feld 324, D-69120 Heidelberg,2Symmetric mutations in an otherwise symmetrical molegBtd-
Germany; e-mail: Hans-Georg_Kraeusslich@med.uni-heidelberg.de.  fiths et al., 1994; Bagossi et al., 1996; Tozsér et al., 1997
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Retroviral and other aspartic proteinases have the same genf the other molecule in the dimer. Both hydrogen bonds are
eral fold of the polypeptide chain, even in pairs with consider-strong and are dependent on the side-chain hydroxyl of the Thr
able divergence in primary sequence and lengfao et al.,, residues. An X-ray crystallographic model of the 3D structure of
1991). In particular, the three-dimension@D) structures of the HIV-1 PR and a detailed view of the active site region depicting
active sites are nearly identical in all crystal structures and thehe described hydrogen bond network is shown in Figure 1. The
catalytic Asp residues are within hydrogen bond distance of eactwo loops holding the active site Asp residues in the correct
other and essentially in the same spatial relationship in all strucerientation are effectively stabilized by four hydrogen bonds and
tures determined to date. These aspartate residues are part of ttiés elaborate hydrogen bond network has been given the name
conserved amino acid triplet Asp-Thr-GDTG). A particular  “fireman’s grip” (Fig. 1) (Pearl & Blundell, 1984; Pearl & Tay-
feature of the catalytic center is the interaction between the sidéor, 1987. The position of the active site Thr residue and the
chain of the active site Th(Thr26 in the case of HIV-1 PR  resultant hydrogen bonds are conserved in virtually all aspartic
with the main-chain amide of the active site THhr26') of the proteinase structures, and it is believed that this feature plays an
other molecule in the dimer. Similar interactions take place be-essential role in stabilizing the active site geometry.
tween the side chain of this ThiThr26) and the main-chain The only sequence divergence within the catalytic triplet of
carbonyl of the preceding Le{Leu24 in the case of HIV-1 PR  retroviral aspartic proteinases is a conservative -bh&er substi-

Fig. 1. Three-dimensional structure of HIV-1 PR: The structure of HIV-1 PR as determined by X-ray crystallogra{f®B entry

1hhp. The active-site region Leu24—Gly27 comprising the “fireman’s grip” is highlighted in green. Side chains of the two catalytic
aspartic acid residues are also shof#nA detailed view of the active site regigheu24—Gly27 of HIV-1 PR forming the “fireman’s

grip.” Notice the network of hydrogen bonds between Thr26, Th(R6yellow) and Leu24, Leu24(in purple.



HIV-1 proteinase active site mutants 1633

tution (leading to a DSG tripletin the PRs of avian retroviruses, Results
foamy viruses, and some yeast retrotranspog@asrett et al.,
1998. Serine, with a side-chain hydroxyl similar to that of thre- gxpression and purification of HIV-1 PR variants
onine, is the only other small amino acid that is able to form the ) ) -
described specific interactions of the “fireman’s grip.” Interest- 10 analyze the role of the “fireman's grip” for the stability and
ingly, avian retroviruses encode their PR as part of the Gag poly¢@talytic activity of HIV-1 PR, we exchanged Thr26 of HIV-1 PR
protein leading to equimolar amounts of PR and structural protein&” €ither a Ser, Cys, or Ala residue. In the case of serine, the
in the virion (Bennett et al., 1991 Most other retroviruses encode hydroxyl involved in the hydrogen bond network is preserved. In
PR as part of the Gag-Pol polyprotein, which is expressed b);he case of cysteine, this hydrqu! group is exchanged for a sulf-
translational frameshifting or read-through of a termination codon/Ydry! group that should, in principle, be capable to donate and
at a 10- to 20-fold lower ratio compared to the Gag polyproteinaFCEPt the same hydrogen ponds.v.wthout causing significant steric
(Hatfield et al., 1992 Consistent with the higher expression lev- hindrance. An a_Iamne in this position, on the other hangl, should
els, avian retroviral PRs have been shown to be less active than tff@mpletely abolish the hydrogen bond network of the “fireman’s
corresponding PRs of mammalian retroviruges., HIV-1 PR grip” (see Fig. 1B for a Qetalled view of this region of the HIV-.l
(Konvalinka et al., 199R Taken together, these observations sug-PR Structurg The mutations were introduced into the bacterial
gest that the The> Ser exchange, while maintaining the essential €xPression vector pET11-PR, which contains the coding region for
hydrogen bond network of the “fireman’s grip,” may play an im- th_e 99 amino acids _of HIV-1 PR preceded by_a meth_lonlne_lnltl-
portant role in regulating PR activity. This hypothesis is supportec®tion codon(Konvalinka et al., 1995b N-terminal amino acid
by studies concerning a variant of HIV-1 PR with a Thi26Ser ~ Seduencing showed that all expression products were effectively
substitution(Konvalinka et al., 1995b: Rose et al., 199Kinetic demethionylated irEscherichia coli The yield of recombinant
analysis of this enzyme showed an eightfold reduction in activitypmtems was inversely correlated with their respective activities,
at neutral or slightly acidic pH when compared to wild-type PR. giving the highestlyields for .the Ie;tst actiye enzymes. Thg variant
This effect was largely due to an increasdig while the turnover ~ Proteins were purified from inclusion bodies by denaturation and
number and substrate specificity were unaltered. In the context defolding. A critical step in the purification proceduteodified
an infectious clone of HIV-1, on the other hand, normal polypro-from Cheng et al., 1990; Konvalinka et al., 199%eas the rena-
tein processing and viral infectivity was observed. This phenotypduration of denatured inclusion bodies by dissolving them in a
is probably due to the very high concentrations of both enzyme anghaotropic agent and dialysis against an appropriate buffer to yield
substrate in the nascent virign-0.1 and 4 mM, respectively active, refolded enzyme. Refolded proteins were subsequently pu-
which are well above thi,, value of the PRT26S variant. In the rified by cation exchange chromatography and active-site titrated
cytoplasm of infected cells, on the other hand, the PR concentra!Sing a tight binding inhibitor of HIV PR. Purity was90% in all
tion is much lower leading to reduced processing of intracytoplasc@ses(data not shown
mic (cellulan substrates by PR269 (Konvalinka et al., 1995b
ﬁigfg;pc:?;?: g\z;enasrgtlrI;vFi)rZI a;gvaya\évii::;gévﬁg ;Vgep(;ht?ﬁ;ﬁ:atalytic activities and substrate specificities of variant PRs
while this mutation reduced the number of infectious virus parti-Activity of the variant enzymes was determined using the syn-
cles(Arad et al., 199k thetic, chromogenic octapeptide substrate KARVNND,) EANle
Surprisingly, the concept of the “fireman’s grip” and the role of (Richards et al., 1990 Since we had previously shown that the
the critical Thr residue has not been subjected to systematic exF26S mutation altered the pH profile of this enzyme compared to
perimental studies. In a comprehensive mutational analysis of HIV-Wild-type PR(Konvalinka et al., 1995k kinetic properties of all
PR, mutating Thr26 to either Ala, lle, Lys, or Arg led to inactiva- PRs were analyzed at two pH values. These results are summarized
tion of the enzyméLoeb et al., 1982 However, in this study, only  in Table 1. At pH 4.7, differences between ®RT), (T26S, and
cis-cleavage of a bacterially expressed artificial polyprotein wagT26C) were mainly inK,, values, while thek., values of these
analyzed. Analysis of heterodimers containing a substitution othree enzymes were comparable. Specific activities, expressed as
Thr26 for either Ser or Asn in just one or both chains of a linkedk./K.,, were approximately threefold lower for the T26S variant
dimer has also been reporté8iagossi et al., 1996In this case, no  and 10-fold lower for the T26C variant compared to (RWRT).
change in activity was observed for the Ser-containing enzymes?R(T26A) exhibited only traces of peptidolytic activity and could
while the Asn-containing variants were virtually inactive. To sys- not be titrated. At the higher pk6.8), the differences between
tematically examine the role of the active site threonine of HIV-1wild-type and variant PRs became more pronounced. Taken to-
PR, we changed this residue to either Ser, Cys, or Ala and analyzegkther, the peptide cleavage data showed that substituting Thr26 of
the variant enzymes regarding their activities against peptide anHIV-1 PR by Ala resulted in a virtual loss of activity, while intro-
polyprotein substrates. In addition, the same mutations were introduction of either Ser or Cys into the same position yielded active
duced into one chain of a linked HIV-1 PR dimer, thereby creatingenzymes with reduced specific activities and altered pH profiles.
asymmetric heterodimers. Here, we report that preventing forma- The kinetics of hydrolysis of peptide substrates and the specific
tion of the hydrogen bond network of the “fireman’s grip” virtually activities of different enzymes do not always directly correspond to
abolished PR activity, while removing a single Thr residue in thetheir relative activities on polyprotein substratesy., Klabe et al.,
context of a linked dimer had only a minor effect. Surprisingly, 1998. We therefore analyzed the activities and specificities of the
even exchanging both Thr residues to Ala did not abolish activityT26X PR variants against the HIV-1 Pi%8 Gag polyprotein, its
of the linked dimer, suggesting that the “fireman’s grip” is not native substraté=ig. 2). During virion maturation, Pr359is cleaved
absolutely required for enzyme activity and contributes signifi-into the functional proteins matrixMA; 17 kDa), capsid(CA,
cantly to dimer stability. This hypothesis was confirmed by ana-24 kDg, nucleocapsidNC; 7 kDa), p6, and several smaller pep-
lytical ultracentrifugation experiments. tides. For in vitro cleavage, Pré® was obtained from recombi-
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Table 1. Comparison of pH-dependent peptidolytic activity of T26 mutants of HI¥ PR

pH 4.7, 0.3 M NaCl pH 6.8, 1.0 M NaCl
Km kcat kcat/Km Km kcat kcaJKm
Enzyme  (uM) (sh (stuM™t) (M) (sh (stuM™t)
26T(wt) 7.8+0.8 19.7+ 0.7 25+ 0.3 93+8 20+1  0.22+0.03
T26S 15+ 2 14.9+ 0.4 1.0+ 0.1 190+ 50 12+ 2  0.063+ 0.030
T26C 52+ 9 11.5+ 0.7 0.22+ 0.04 >250° n.dbe n.d¢
T26A 60+ 13 0.1+ 0.0 0.0016+ 0.0006' n.d. n.d. n.d.

aSynthetic peptide substrate KARVNIERO,) EANle was cleaved by PR variants at®in 100 mM
buffer (potassium acetate pH 4.7 or MES pH)6.B8mM EDTA and 0.3 M NaClpH 4.7) or 1.0 M NaCl
(pH 6.8. Enzyme concentration in assays ranged from 3—80 nM. Initial reaction rates were determined
spectrophotometrically.

bInhibition by substrate precludes determination.

°n.d., not determined

dActive site concentration of the PRT26A), used for computation dé.., was estimated from total
protein concentration and comparison with the active site titrated wild-type HIV-1 PR.

nant virus-like particles and incubatedrf@ h with different Figure 3 shows immunoblot analysis of virus-like particles col-
concentrations of purified, active-site titrated PR variants. Cleaviected after transfection of COS-7 cells with pK-H[\ane 2 or

age products were determined by immunoblotting using an antiT26X variants as indicated above each lane(\RR) + inhibitor
serum against MA. Incubation with wild-type HIV-1 RRig. 2A) (Lane 3 corresponds to a transfection cultured in the presence of the
at a concentration of 17 nM led to almost complete processing ofHIV PR-specific inhibitor saquinavifRoberts et al., 1990As de-
Pr55%29to MA with few intermediate cleavage products remaining, scribed previouslyKonvalinka et al., 1995p particles produced
both at pH 4.7 and 6.8. In contrast, no cleavage was observed updrom pK-HIV (WT) or -(T269 transfected cells exhibited virtually
incubation with PRT26A), even at the highest concentration pos- complete processing of polyproteins, while particles produced in the
sible (~1.5 uM, Fig. 2D). Incubation with PRT269 (Fig. 2B) presence of saquinavir contained only uncleaved precursor polypro-
and(T26C) (Fig. 20), on the other hand, led to efficient cleavage teins(Fig. 3, Lanes 2—} Particles produced from pK-HI\T26A)

of the Gag polyprotein with an apparently unaltered specifi@y  transfected cells also did not show any processing of the Gag poly-
judged from the relative mobilities of the cleavage producis$ protein(Fig. 3, Lane 6, while weak processing occurred in the case
the acidic pH, PRT269 was approximately threefold less active of the T26C variant, reproducibly showing partially cleaved inter-
compared to PRNT), while PR T26C) was at least 10-fold less mediate productd-ig. 3, Lane 5. These data are in good agreement
active. These differences are in good agreement with the specifiwith the results of the in vitro cleavage reactions at neutral pH, where
activities of the respective enzymes determined on peptide sulsnly limited activity of the T26C variant was observed.
strates(Table 1. At neutral pH, the difference between RRT)
and the T26S and T26C variants became much more pronounce
Incubation at pH 6.8 showed an approximately 10-fold lower
activity for PR(T26S compared to PRNT). The activity of  From the described experiments, we conclude that the critical Thr
PR(T26C) was reduced significantly more and no complete pro-residue of the “fireman’s grip” of HIV-1 PR can be functionally re-
cessing to the MA product was observed even at the highest complaced by the two other small amino acids with the potential to serve
centration analyzed450 nM; Fig. 2C, Lane 6 Similar results  as acceptoidonor of the hydrogen bon@er, Cy$, but not by an
were obtained using an HIV-1 Gag-derived substrate containingimino acid lacking a side-chain hydroxyl or sulfhyd¢a). The
only a single cleavage site for HIV-1 P{&ross et al., 1998; data “fireman’s grip” consists of two pairs of symmetrical hydrogen bonds
not shown. and it was of interest to determine whether abolishing the capacity
to form the hydrogen bond in one subunit of the dimer while re-
taining it in the other subunit would suffice for enzyme activity. We
therefore introduced the described T26X mutations into the first chain
of a tethered dimer of HIV PR, where the two subunits of the en-
Besides cleaving Pr38%in trans it was of interest to determine zyme are covalently linked by a heptapeptide hitedusslich,
whether the variant PRs can cleave viral polyproteins in the pro1991). These constructschematically depicted in the bottom part
cess of virion maturation. Therefore, the three mutations weref Fig. 4 were designated pET-2FR/T) and the resulting pro-
introduced into the subgenomic HIV-1 expression vector pK-HIV teins were designated 2PR/T), where X can be Th¢WT), Ser,

that contains the entire coding region of HIV-1 except fortleé  Cys, or Ala. The various heterodimers were purified from inclusion
gene under control of the strong eukaryotic promotenhancer  bodies as described above. The purity was higher than 90% in all
element of human cytomegalovir(onvalinka et al., 199%7 Tran-  caseqFig. 4 and data not showmnd there was virtually no sign
sient transfection of tissue culture cells with pK-HIV containing a of degradation to proteins of monomeric size as judged by immu-
wild-type PR gene leads to release of HIV-like particles that arenoblotting using enhanced chemiluminescence for dete(ign 4,
morphologically indistinguishable from HIV-1 and undergo nor- Lanes 4, 5. Prior to kinetic measurements, all PRs were active-site
mal polyprotein processing and maturation. titrated.

Broteolytic activity of tethered dimers of HIV PR

Polyprotein cleavage by T26X PR variants
in viral maturation
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14- 12-
1 2 3 4 5 6 7 I 2 3 4 5 6
B Fig. 3. Immunoblot analysis of HIV-specific proteins following transient
PR[nM] 17 50 150 S0 150 450 - transfection. COS-7 cells were transfected with pK-HIV or (PR6)-
derivatives as indicated on top of each lane and lysates of virus-like par-
prraag— -Pr55 ticles collected by centrifugation were resolved by SDS-polyacrylamide
' - ' gel electrophoresis. Western blots were reacted with polyclonal antiserum
43- [ - against HIV-1 capsid protein. Mock refers to transfection without specific
DNA, WT + inhibitor refers to cultivation of pK-HIV transfected cells in
the presence of 1aM of the PR-specific inhibitor saquinavir.
20-
- an -MA
14~
1 2 3 4 5 6 7 The proteolytic activity of the variant PR heterodimers was
analyzed at pH 4.7 and 6.8, using the described chromogenic pep-
C tide substraté Table 2. At pH 4.7, there was virtually no differ-
PR[nM] 50 150 450 50 150 450 - ence between wild-type HIV-1 PRTable 1, the linked 2PR
homodimer, and the three different covalently linked dimers
' D —— 2 o - @ -Pr55 (Table 2. The observed specific activiti€&.a/Km) ranged from
47 T - — - - 2.5 stuM™1 for the wild-type enzyme to 1.7 $uM™1 for
— - 2PR(A/T). Very similar activities for the linked wild-type homo-
dimer and the three heterodimers were also observed at neutral pH
with specific activities ranging from 0.498uM ~* for 2PR(S/T)
20- t0 0.21 s*uM~1 for 2PR(A/T) (Table 2. All linked dimers were
14- - - - -MA two- to threefold more active than the unlinked wild-type HIV-1
1 2 3 4 5 6 7 PR at this pHcompare Table )1 Surprisingly, the specific activity
of 2PR(A/T) was only less than twofold reduced compared to the
D wild-type linked dimer at both pH values. This result clearly in-
PR[pg] 1.5 L5 - dicates that the presence of only one hydroxyl in the hydrogen
aa e @ P55 bond network of the “fireman’s grip” is sufficient for a functional
43 - . aspartic proteinase.

To exclude that formation of mixed PR multimers of higher
order might compensate for loss of the “fireman’s grip” in one
domain, we also prepared a tethered PR dimer with a D25A mu-

20- -MA tation (inactivating the catalytic aspartaie the first domain. This
14- variant was inactive in all assays. To determine whether the re-
1 2 3 quirement for Thr26 may be less stringent in the context of a
covalently linked PR dimer, we also constructed an expression
Fig. 2. Analysis of pH-dependent cleavage of HIV-1 Gag polyproteins by vector for the 2PRA /A) homodimer and purified the correspond-
HIV-1 PR and T26 variants. Pr8% obtained by centrifugation of virus- ing protein from inclusion bodies. This mutant enzyme, which
like particles was used at a concentration il and cleavage reactions completely lacks the side chains required for forming the “fire-

were performed fo2 h at 37°C and pH 4.7 or 6.8 as indicated on top. ) o : : ; ;
Enzyme concentrationgletermined by active-site titratiprior (A) wild- man's grip,” is still an active proteinase. The large decrease in

type PR,(B) PR(T269, and(C) PR(T26C) are indicated above each lane. §pecific activity can be a.tt.rib.ute.d. mostly to the dramatic increase
In the case ofD) PR(T26A), no active site concentration could be deter- in Kp,. Furthermore, specific inhibitors of HIV PR showed approx-
mined and 1.5uM of purified PR was used in this case. Control incuba- imately 100-fold weaker binding to 2RR/A) than to WT pro-

“0”'5 pe(rjf%rmed in thilabsence ofPRIar?indlicate(d-)aﬁ\llsamples \r:vere teinase(data not showy; which impairs active site titration of
analyzed by immunoblotting using polyclonal antiserum against the HIV-1 .
matrix protein and detected by enhanced chemiluminescence. MoIecuIa?rPR(A/A)' Taken together, these observations suggest but do not

mass standards are shown on the left; HIV-specific proteins are indicateBrove that 2PRA/A) may have an altered substrate specificity.
on the right. The active site concentration of 2PRAwas estimated from the
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shown; compare Tables 1 and. Zhis experiment conclusivel
S &S &S P o 2ne exp Y

shows that the absence of the “fireman’s grip” interactions in a
single chain aspartic proteinase does not necessarily abolish its
enzymatic activity.
We next tested the proteolytic activities of the tethered dimers
on Pr5%29 obtained from virus-like particles. Cleavage reactions
e e S~ 2PR for the wild-type linked homodime(T/T) and the three linked
heterodimers were performed at pH 6.8 at enzyme concentrations
of 25 or 250 nM and a substrate concentration @fM and were
14- -PR analyzed by immunoblotting using an antiserum against HIV-1 CA
(Fig. 5A). Cleavage by 25 nM wild-type 2PR was complete after
30 min with few intermediate products remaining after incubation
1 2 3 4 5 for 10 min (Fig. 5A, Lanes 2, B A very similar pattern was
observed for the ST heterodimer, which was virtually indistin-
guishable from the wild-type linked dimer in several different
Hinge assayqFig. 5A, Lanes 4—-6 and data not shgwithe Cys- and
Ala-containing heterodimers, on the other hand, exhibited signif-
icantly lower activities against the polyprotein substrate with only
|_| J_ minor amounts of completely cleaved CA protein after 30 min
S incubation at an enzyme concentration of 25 (/. 5A, Lanes 9,
12). Complete cleavage was observed on incubation with(@PR)
or (A/T) at a concentration of 250 nM for 30 and 120 min,
respectively(Fig. 5A, Lanes 10, 14 Comparative experiments
. . indicated that these variant heterodimers were approximately five-
Ala Gly Ala Ile Gly Gly Ala fold (C/T) or 10- to 20-fold(A/T) less active than the wild-type
Fig. 4. Analysis of linked dimers of HIV-1 PR. A schematic representation linked dimer(data not shown Very weak activity was observed
of the linked dimers is shown at the bottom. Monomeric HIV-1 (/RT; for 2PR(A/A) under these conditions and the experiment was
Lane 3 and the linked dimers containing wild-type sequences in boththerefore repeated at pH 4.7, yielding partial cleavage of the Gag
et o Coamesas s S sy 3, Polprotein upon incubation with 250 rhl 20R/A) (Fg. 5B,
or by immunoblotting using polyclonal antiserum against HIV PR followed Lanes 2, 3 Hoyvever, nq cqmp_lete cleavage to the C_A .proteln Wa_s
by enhanced chemiluminescence detecticanes 4, 5. observed in this case, indicating that the Ala-containing homodi-
mer may be significantly less active or may have an altered sub-
strate specificity.

20~

=
g
8

total protein concentration assuming a similar ratio of active PR vs, . S .

o - . . Analysis of the dimerization of variant PR molecules
total protein in the preparation as determined for the linked het-
erodimers. When directly compared in one experiment,(2PR) The described experiments indicate that the requirement for the
is approximately 50-fold more active than PR6A) (data not  “firemen’s grip” is less stringent in a single chain dimer of HIV-1

Table 2. Comparison of pH-dependent peptidolytic activity of T26 mutants
of tethered dimers of HIV PR

pH 4.7, 0.3 M NaCl pH 6.8, 1,0 M NaCl
Km kcal kcaI/Km Km kcal kcai/Km
Enzyme (M) (sh (stuM™t) (M) (sh (stuM™t)
/T 9.2+06 20.2+04 2.2+ 0.2 69+ 5 27.6+0.8  0.40+ 0.03
S/T 7.4+09 185+ 0.6 25+ 0.3 67+3 327+ 05  0.49+ 0.02
Cc/T 42+04 134+03 3.2+ 0.3 31+4 126+05 0.41+ 0.06
A/T 57+ 0.6 9.4+ 0.3 1.7+ 0.2 68+ 6 144+ 04  0.21+ 0.02
A/A 67 +6 35+0.1° 0.052+ 0.008 n.d¢ n.d. n.d.

aSynthetic peptide substrate KARVNIERO,) EANle was cleaved by mutant tethered dimers &t@7
in 100 mM buffer(potassium acetate pH 4.7 or MES pH 6.8 mM EDTA and 0.3 M NaClpH 4.7),
or 1.0 M NaCl(pH 6.8. Enzyme concentration in assays ranged from 3-16 nM. Initial reaction rates
were determined spectrophotometrically.

bActive site concentration of tethered homodimer 2RRA), used for computation ok, was
estimated from the total protein concentration and comparison with the active site titrated wild-type
tethered dime(T/T).

°n.d., not determined
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A T/T S/T C/T A/T

PR[nM] 25 25 25 25 25 25 25 25 25 250 25 25 25 250
tfmin] 5 10 30 5 10 30 5 10 30 30 10 30 60 120

e —— -sagp - -P155
- —— - T>a>a» a4e -

L1 1 ] - ey a6 - @D an @B -CA
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 5. In vitro processing of HIV-1 Gag polyproteins by linked dimers of
HIV-1 PR and T26-derivatives. Pr8% obtained by centrifugation of virus-
like particles was used at a concentration gill and cleavage reactions
PR[nM] 250 250 250 - were performed for the indicated times at°g7 using (A) linked PR
fmin] 5 10 30 30 heterodimers o(B) the linked homodimer containing Ala in both chains
min (A/A). A: Incubation was performed at pH 6.B: Incubation was per-
ey @-Prs5 formed at pH 4.7. Enzyme concentratididgtermined by active-site titra-
43- o tion) for the wild-type linked dime(T/T; Lanes 1-3 and variants BT
— — " (Lanes 4—6 C/T (Lanes 7-1§) and A/T (Lanes 11-1%are indicated
above each lane. In the case (&) the A/A linked dimer, no active site
30- concentration could be determined and 250 nM of purified PR was used
-CA in this caseB: Lane 4 corresponds to a control incubation in the absence
of PR. All samples were analyzed by immunoblotting using polyclonal
20~ antiserum against the HIV-1 capsid protein and detection by enhanced
chemiluminescence.

PR, suggesting that the active site threonine may contribute t®iscussion
dimer stability of retroviral PRs. The lack of activity of the
PR(T26A) variant could then be interpreted as a dimerization de-Alignment of all aspartic proteinases identified so f&arrett
fect, which is partly overcome in the case of the ZRRA) enzyme et al., 1998 shows that the amino acid triplet Asp-TBep-Gly is
by covalent linkage of the two subunits. We therefore performedcompletely conserved. This “signature sequence” is such a gener-
equilibrium ultracentrifugation experiments to analyze the aggre-ally recognized trademark that Hill and Phylip recently used it
gation state of the wild-type HIV-1 PR and the unlinked(FR6A) to search for yet unknown aspartic proteinases in the genomes of
(Fig. 6). Initial measurements indicated that the presence of low moE. coli andHaemophilus influenzaend identified novel proteins
lecular weight contaminantpresumably peptides, peptidoglycans, with residual proteolytic activityHill & Phylip, 1997). The hy-
or fragments of nucleic acifisbscured the resultlata not shown droxyl group of the Thi(or Se) residue within the catalytic core
and the purification procedure was therefore modified. Using ionis presumed to stabilize the geometry of the active site by forming
exchange chromatography under denaturing conditions, we were abllee hydrogen bond network of the “fireman’s grip.” Here, we show
to remove virtually all UV-absorbing low-molecular weight con- that the sulfhydryl group of cysteine can functionally substitute for
taminants. A final ion exchange chromatography step was requirethis hydroxyl. Interestingly, Risk et a(1999 recently identified
after refolding to remove autodegradation products. gag and pol like open reading frames in retrotransposons of the
Equilibrium ultracentrifugation of the different PRs showed that Ty3/gypsy family ofMagnaporthe griseawhich encode an Asp-
wild-type HIV-1 PR(Fig. 6A), as well as PRT269 and {T26C) Cys-Gly sequence in the position corresponding to the active site
(data not shownwere not monodisperse exhibiting an averageof aspartic proteinases. While the catalytic competence of the cor-
molecular weight of 13-16 kDa. This suggests that these proteineesponding proteins has not been analyzed, our results suggest that
are forming a monomedimer equilibrium in solution. The data active aspartic proteinases with a Cys residue in the active site may
obtained for PRWT) fitted well into a model for ideal monomer— exist. In fact, the Cys-containing variant of HIV-1 PR exhibited
dimer association, yielding Ky value of 77uM (Fig. 6B). No only an~10-fold lower specific activity compared to the wild-type
degradation products could be observed for wild-type PR after 8 lenzyme when analyzed against a peptide substrate at pH 4.7. Given
of ultracentrifugation at 20C and the enzyme maintained 95% of that such an activity could be sufficient to support polyprotein
its initial activity. In contrast to wild-type PR and the other vari- processing and replicatiofRose et al., 1995 one may ask why
ants, PRT26A) was monodisperse with an average molecularsuch sequences have not been found in naturally occurring viruses.
weight of 10 kDa(Fig. 6B). The data obtained in this case could Part of the answer may be the remarkable pH dependence of
not be fitted into the monomer—dimer association mddgio- Gag polyprotein cleavage by PIR26C). We had previously shown
thetical Ky is in the range of 100 M strongly arguing for a that a Ser-containing variant of HIV-1 PR was pH-sensitive with
dimerisation defect of the RR26A) variant. reduced activity at neutral compared to acidic pikbnvalinka
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Fig. 6. Analytical ultracentrifugation. The experimental absorbance (#ied circles) plotted as a function of centrifugation radius
are shown fo(A) PR(WT) and(B) PR(T26A). The solid curves were obtained by fitting the experimental data to model equations
describing single ideal sedimenting spedi€&6A) or ideal monomer—dimer equilibriuPR(WT)). The resulting average molecular
weight of the sedimenting species and in the case dMPR also the dimer dissociation constd(y are shown in insets. Data for
PR(T26A) do not conform to monomer—dimer equilibrium and henceKgovalue can be computed. The residual differences of
observed and fitted data are shown in the top sections of each panel.

et al., 1995k This result was reproduced in the current study, butforming the “fireman’s grip,” retained some activity. It is notewor-
a much more significant difference was observed for the Cysthy that several aspartic proteinases have a combination of DTG
containing variant, which was approximately 10-fold less active atand DSG triplets in their two domair(e.g., the proteinases from
pH 6.8 compared to pH 4.7. Together with the lower specific Candida albicans Saccharomyces cerevisja@lasmodium falci-
activity compared to wild-type HIV-1 PR at pH 4.7, this results in parum (Francis et al., 1994or the recently identified protease
approximately 1-2% of wild-type PR activity for RIR26C) at processing th@-amyloid precursor protein, memapsirii2n et al.,
neutral pH, and no complete cleavage of Gag polyproteins wag000; for review see Barrett et al., 1998&imilar to our artificially
observed, even at the highest concentration tested. Introduction @bnstructed enzymes. Linked dimers of HIV-1 PR with mutations
this mutation into an HIV-1 expression vector led to virtually T26S and T26N in the first PR domain have been repofB=t
complete loss of polyprotein cleavage, while particles containinggossi et al., 1996 Similar to our results, they reported that the
wild-type PR or the T26S variant exhibited efficient processing toT26S-containing heterodimer was almost as active as the wild-type
the mature viral proteins. The lower specific activity of the Cys- enzyme. In contrast, the T26N-heterodimer exhibited a dramatic
containing PR can only partially explain this result since the PRIoss in activity and the T26N-homodimer was completely inactive.
concentration in the virion is-100 M, while 0.45uM PR(T26C) Conceivably, the larger volume of the asparagine side chain and
yielded partial Gag cleavage in vitro. Conceivably, the activity the presence of an additional hydrogen bond dgexaeptor leads
difference may be even more pronounced at physiological pH oto different packing of this side chain in the interior of the mol-
there may be a defect in autocatalytic release of the PR variargcule and to distortion of the active site structure. It is interesting
from the polyprotein. to note that the specific activities of the wild-type linked dimer and
Our results indicate that the specific activities of wild-type HIV-1 the three linked heterodimers in our study are virtually identical
PR and its covalently linked counterpart are very similar. Compawith each other, both at pH 4.7 and at pH 6.8. The specific activity
rable results have been reported for the PR of Rous sarcoma virwgas approximately 5-10-fold lower at the higher pH for all four
and its covalently-linked dimer®Bizub et al., 1991 In contrast, a  linked dimers, but there was at most a twofold difference between
dramatic increase in intracellular polyprotein cleavage and comany two enzymes at either pH. A much more pronounced differ-
plete loss of particle formation was observed when covalentlyence was observed for polyprotein cleavage by the various hetero-
linked PR dimers were produced as part of the viral Gag-Poldimers with 2PRC/T) and 2PRA/T) being at least 10-fold less
polyproteins(Burstein et al., 1991; Krausslich, 199Most likely, active than the wild-type or Ser-containing linked dimer. This dif-
this reflects the requirement for dimerization to produce an activderence in cleavage of peptides and polyproteins may be explained
PR: normally, this is only achieved when polyproteins are concenby the observation that the rate limiting step in catalysis by HIV-1
trated within the nascent virion, while a covalently linked dimer on PR can differ depending on the substrate. In the case of a substrate
the polyprotein can be active immediately after translation. containing Glu in the P2position (homenclature according to
Using linked asymmetric PR dimers, we further show that aSchechter and Bergét967)), a chemical step coupled with proton
single hydroxyl group is sufficient for activity and even the transfer appears to be rate limiting. When the substrate contained
2PR(A/A) variant, which completely lacks the hydroxyl groups GlIn in this position, on the other hand, the rate limiting step was
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a conformational change upon substrate bindiRglgar et al., family, irrespective of whether they are dimeric or single-chain,
1994. Most cleavage sites on the polyprotein do not contain Glubilobal enzymes.
in the P2 position, in contrast to the peptide substrate used in this
study, and this difference in substrate properties may be important
for cleavage by the various enzymes. Materials and methods

A dramatic difference was observed when the activity of the PR
(T26A) variant was compared to its covalently linked counterpartExpression plasmids
2PR(A/A). The-50 fold increase in specific activity upon covalent
linkage of the two subunits indicates that AR6A) has a dimer-
ization defect. Providing a covalent linkage between the C-terminu

of the first and N-terminus of the second PR chain apparentlyfagmentnt. 20062839 of pNL4-8n a pBluescript vectofStrata-

increases the probability of “productive” interactions between thedene: La Jolla, California Site-directed mutagenesis was per-
two subunits to yield an active enzyme. Based on reversible def_ormed on a single stranded DNA templateunkel, 1985. The

naturationGrant et al., 1992: Szeltner & Polgar, 1996d structure- ACA codon (nt. 2328-233pwas altered to a TCASep, GCC
based thermodynamic analysi§odd et al., 1998 it has been (Ald), or TGT (Cys) codon. In addition, mutant PRI26A) con-
suggested previously that HIV-1 PR folding and dimer formationt@ined @ noncoding nucleotide excharige 2333 A to Q intro-
are concomitant processes, i.e., that folded monomers are unstakﬂgc'ng a newNgoM | restriction site. The entire HIV-specific

and stability largely comes from interactions at the dimer interface/€910n Was sequenced and the respeotipal to Pstl fragments

Regions of the molecule that substantially contribute to its strucWere cloned into a subgenomic HIV-1 expression vegut-HIV;

tural stability have been mapped to residues 22-32 and 84_9&Konvalinka etal, 19% to give plasmids pK-HIVT263, -(T26C),
(Todd et al., 1998; Wallgvist et al., 1998Todd et al. further ~and {T26A), respectively. _ _ »
include the N- and C-terminil—6, 94-99 and part of the flap To generate expression vectors for linked dimers containing the
region (49-51. NMR H and 15N t;ansverse relaxation measure- T26X mutation in the first chain, thBcl I-fragment of pT7-2PR

ments, on the other hand, demonstrate unexpectedly large fluctlﬁKraUSS"Ch' 1991, cor_ltaining part of the first anc_i second PR
ations of the intermonomgg-sheets that are formed by the N- and chains as well as the linker region, was introduced into the respec-
C-termini and suggest that these are a structural requirement f¢iVe PBluescript derivatives. These plasmids were used as tem-
maturation of PR in vivdlshima et al., 1999 Our ultracentrifu- plates for PCR reacpons using a fqrward primer sp_ecmc to the
gation experiments showed that PR6A) is virtually completely 5>'-end O_f the PR co_dmg_sequence_wnh a flankm@el_sne and a
monomeric, although traces of dimer must be present to explain itg’? terminator-specific oligonucleotide as reverse primer. Polymer-

residual peptidolytic activity. The residual activity may be due to @5€ chain reactiofPCR) products were cleaved witNde | and
stabilization of the dimer through active site ligandsibstrates, EcoR| and cloned into the bacterial expression vector pET11c,

inhibitors). Assuming that some dimers are present in the concengiving the gxpressior? plasmids pET-266/T), where X corre-
trated preparation, these may be lost upon dilution, but may b&Ponds to either Thwild-type), Ser, Cys, or Ala. The authenticity
stabilized in part by the presence of peptide substrates in kinetigf 8l clones was confirmed by sequencing. Bacterial expression

assays. Ultracentrifugation experiments, on the other hand, Wer%eCtorS for monomer_ic PR var!a_nts were constructed from the
performed in the absence of ligand. pET-2PRX/T) plasmids by excising the 318 Hgcl | fragment

These results suggest that the “fireman’s grip” interaction is far2"d religation. These plasmids were designated pE(I'FER,X).
more important for stabilization of the dimer than would be im- For c_onstrucnon of the tethered homodlmer(FI’RGA/_TZG A)_’
plicated from the X-ray structuréWlodawer et al., 1989and the coding sequence from pET-PR26A) was PCR amplified using

subsequent theoretical thermodynamic analgBisid et al., 1998; &3 T7 terminator-specific primer and & primer specific to the

Wallquist et al., 1098 The fact that a point mutation along the PR firSt 18 nucleotides of the PR coding region which introduced
sequence shifts the monomer—dimer equilibrium virtually com-Ynique flankingBamH1 and Apal sites at the 5end. The newly

pletely toward monomers implies that this is a dimerization hotgeneratedipal site .upstream of Fhe PR sequence corresponded to
spot. Other, nonactive site point mutatiofesg., V825 can in- the 3 end of the I|n!<er region m_pET—ZPR. The resultlng PCR
crease théy as much as 20-foldXie et al., 1999, but the effect product was cloned into pUC19 via tlBamH| and EcoRI sites

of the T26A mutation orKy is several orders of magnitude larger, and Seq”er_'ced' Therefrom, the 302_’“‘” I_ECORI f_ragment .
corresponding to the second PR chain of a linked dimer was iso-

corresponding to practically pure monomer. Since folding and di- X )
merisation of retroviral PRs are interdepend@ant et al., 1992;  ated and ligated together with the 1353 Apal-Apal and 4,388

Szeltner & Polgar, 1996; Todd et al., 1998 may be speculated bp Apa |-EcoR| fragments from pET-2PE\/T). The resulting

that the “fireman’s grip” region serves as a folding core of the recombinant clong with the right orientation of tAg@a I-Apal
enzyme. fragment was designated pET-2@RA).

In conclusion, we provide evidence that the “fireman’s grip”
structure in retroviral PRs is necessary for efficient dimerization
(and thus enzyme activityWe also demonstrate that the hydrogen
bond network itself is not indispensable for a single chain asparti@ll recombinant PRs were overexpressed inheoliBL21(DEJ)
proteinase. We can only speculate why it is still retained in bilobalstrain using the Lacl controlled T7 promofdi7 RNA polymerase
aspartic proteinases, where no intermolecular dimerization occursystem(Studier et al., 1990 Protein expression and isolation of
All aspartic proteinases are suggested to be derived from mondnclusion bodies were carried out using a modification of our pub-
meric chains requiring dimerization and these may have evolvetdished protocol(Konvalinka et al., 1995h Inclusion bodies were
structural features ensuring coordinated folding and dimerizationsolubilized in 67%(v/v) acetic acidwater at~5 mg/mL and
Once selected for, this feature was retained in all members of theefolded by dilution into 30-fold excess of water with 0.1%4v)

All mutations were made in a subclone of the full length infectious
provirus pNL4-3(Adachi et al., 1986 containing theApal to Pst|

Bacterial expression and PR purification
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2-mercaptoethanol, overnight dialysis atCtagainst water and
then against 50 mM MES pH 6.7, 10%/v) glycerol, 1 mM
EDTA, and 0.1%(v/v) 2-mercaptoethanalCheng et al., 1990

The final protein concentration after refolding was typically about

0.1 mg/mL as determined by Coomassie Blue binding asSpgc-
tor, 1978. The tethered dimers were sufficiently pure for activity

studies at this stage. The other PR variants were further purified bg

cation exchange chromatography using either MonoS FRt@r-
macia, Uppsala, Swedgar SP-Sepharose Fast FlgRharmacia
The purity of enzymes used for activity studies was more than 90
as judged from SDS electrophoregissemmli, 1970; Schagger &
von Jagow, 198)7and western blotting. The purified enzymes were
stored at—20°C.

Determination of enzyme kinetics

The chromogenic peptide substrate KARVNIENO,)EANIe-

K. Strisovsky et al.

Analytical ultracentrifugation

Equilibrium sedimentation experiments were carried out as de-
scribed by Yphanti§1964) using a Beckman model E analytical
ultracentrifuge with spectrophotometric detection. Since the en-
zyme preparations purified by the above described method showed
resence of small molecular weight contaminants, PRs used for
nalytical ultracentrifugation were purified in denaturing condi-
tions prior to refolding by a modification of a previously published

0%’nethod(Todd et al., 1998 After refolding, proteins were further

purified using SP-Sepharose chromatography.

Analytical ultracentrifugation was performed atZDin 20 mM
MES buffer pH 6.0, 0.2 M NaCl, 10% glycerol, 1 mM EDTA, and
0.05% (v/v) 2-mercaptoethanol. Initial protein concentration was
0.1-0.2 mgmL. Rotor speed was 44,000 rpm for PR6A) and
48,000 rpm for PRWT). Data sets were collected after 8 h. Mo-
lecular weights of monomers were calculated from the amino acid
sequence to be 10,819 for PRT) and 10,788 for PRT26A).

NH; was synthesized by the solid-phase method and purified byartial specific volume of the solute was calculated as a sum of

reversed-phase high-performance liquid chromatografiRiy-
HPLC) (Richards et al., 1990 Peptide cleavage was monitored

partial specific volumes of the constituent amino acid residues
(Zamyatnin, 1972yielding a value of 0.748 mlg. The calculated

either online as a decrease in absorbance at 305 nm or offline bybsorption coefficient at 280 nm was 12,900 Mm~? for the

analysis of the composition of the reaction mixture by &P-

monomer. Solvent density was estimated to be 1.028lg Sed-

HPLC. Measurements requiring substrate concentrations highgfmentation equilibrium data were analyzed by nonlinear regression
than 200uM were evaluated only by HPLC. The assay conditionsfitting into model equations for ideal single sedimenting species

were 37C, 100 mM buffer(potassium acetate for pH 4.7 and
MES for pH 6.9, 1 mM EDTA and 0.3 M NaC(pH 4.7) or 1.0 M

and ideal monomer—dimer association as describédatiaday &
Sophianopoulos, 1972; Shire et al., 189The equilibrium con-

NaCl (pH 6.8. Concentrations of active enzymes were deter-stant for dimer dissociation is defined Kg = [M]%/[D], where

mined by active site titration using the tight-binding inhibitor
BocHCH(OH)CH,]FQF-NH, (compound llld in Konvalinka et al.,
1997. Enzyme concentrations in assays ranged fre8rto ~80 nM.

[M] and[D] are molar concentrations of monomers and dimers,
respectively, at thermodynamic equilibrium.

The initial velocity data were treated by nonlinear regression using

the program Enzfitte(Elsevier-Biosoft, UK, 198Y.

In vitro cleavage of protein substrates

Cleavage of particle-derived P88 was performed essentially as
described previouslyKonvalinka et al., 1995a Immature HIV-
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