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Rational Design of Potent, Bioavailable, Nonpeptide 
Cyclic Ureas as HIV Protease Inhibitors 

Patrick Y. S. Lam,* Prabhakar K. Jadhav, Charles J. Eyermann, 
C. Nicholas Hodge, Yu Ru, Lee T. Bacheler, James L. Meek, 

Michael J. Otto, Marlene M. Rayner, Y. Nancy Wong, 
Chong-Hwan Chang, Patricia C. Weber, David A. Jackson, 

Thomas R. Sharpe, Susan Erickson-Viitanen* 
Mechanistic information and structure-based design methods have been used to design 
a series of nonpeptide cyclic ureas that are potent inhibitors of human immunodeficiency 
virus (HIV) protease and HIV replication. A fundamental feature of these inhibitors is the 
cyclic urea carbonyl oxygen that mimics the hydrogen-bonding features of a key structural 
water molecule. The success of the design in both displacing and mimicking the structural 
water molecule was cdnfirmed by x-ray crystallographic studies. Highly selective, preor- 
ganized inhibitors with relatively low molecular weight and high oral bioavailability were 
synthesized. 

Knobledge of the HIV protease (HIV PR) 
mechanism of action and substrate s~ecific- 
ity has been extensively used to design a 
varietv of transition state-based inhibitors 
with inhibition constants in the nanomolar 
or subnanomolar range (1, 2). The symme- 
try of the HIV PR dimer guided the design 
of twofold (C2) symmetric and pseudosym- 
metric inhibitors (3). However. these in- . , 
hibitors retain substantial peptide charac- 
ter, and despite many elegant structure- 
activity studies, it has been difficult to 
combine adequate potency with oral bio- 
availability (3, 4). The difficulty in devel- 
oping such leads into useful therapeutics is 
challenging. for in addition to the tradi- 

u u, 

tional barriers encountered in the drug de- 
velopment process, peptide-based mole- 
cules are in general biologically unstable, 
poorly absorbed, and rapidly metabolized 
(5). This challenge is not unique to HIV 
PR; transition from peptide-based leads to 
therapeutics has proven formidable for oth- 

er enzymes such as renin inhibitors (6, 7). 
We have previously explored a series of 

potent, linear CZ-symmetric inhibitors in 
which the transition state mimetic was a 
diol (8). We were unable to overcome the 
poor oral bioavailability of these peptide 
molecules and consequently sought other 
approaches. The technique of searching 
databases containine three-dimensional - 
(3D) molecular structures has been used to 
identifv svnthetic frameworks that can , , 
serve as the starting point for the design of 
nonpeptide inhibitors, and this approach 
has been explored with HIV PR. Unfortu- 
nately, the HIV PR inhibitors designed to 
date on the basis of 3D database searches 
(9, 10) have yielded inhibitors with only 
micromolar uotencv. 

Our current design of nonpeptide inhib- 
itors (1 1) began with structural information 
available from published x-ray crystal struc- 
tures of HIV-PR inhibitor complexes (12- 
15). A common feature observed is the 
presence of a tetracoordinated structural 

Departments of "lro\ogy Research and Chemical and water linking the inhibitor 
Physlcal Sc~ences, The DuPont Merck Pharmaceutical to the flexible glycine-rich P strands or 
Company, Wllm~ngton, DE 19880 "flaps" of the HIV PR dimer (Fig. 1). This 
*To whom correspondence should be addressed water molecule accepts two hydrogen bonds 

from backbone amide hydrogens of HIV PR 
residues Ile 50 and Ile 50' and donates two 
hydrogen bonds to carbonyl oxygens of the 
inhibitor, thus inducing the fit of the flaps 
over the inhibitor (1 6). Its relevance to the 
generation of HIV PR inhibitors has been 
noted (12, 13). 

We hypothesized that incorporation of 
the binding features of this structural water 
molecule into an inhibitor would be bene- 
ficial because its displacement should be 
energetically favorable (1 7). In addition, 
conversion of a flexible, linear inhibitor 
into a rigid, cyclic structure with restricted 
conformations should provide a positive 
entropic effect. Finally, incorporation of a 
mimic for the structural water within the 
inhibitor should ensure specificity for the 
HIV PR as against other aspartic acid pro- 
teases, because this water molecule is 
unique to retroviral proteases. We reasoned 
that these effects might provide highly po- 
tent and specific binding and reduce the 
need for multiple interactions at the speci- 
ficity pockets. This should permit design of 
smaller (<600 daltons) inhibitors with im- 
proved oral bioavailability. 

Extensive structure-activity relations 
(SARs) established for C2-symmetric diols 
indicated that the diol imparts significant 
potency as compared with corresponding 
mono-01 transition state analogs (3, 8). 
Thus, we wanted to incorporate this feature 
of the diol-HIV PR interaction into a 3D 
pharmacophore model. However, no x-ray 
structure of a C2-symmetric diol-protease 
complex was available when this work was 
initiated; two independent reports of struc- 
tures have since appeared (1 8). Therefore, 
computer models for CZ-symmetric diols 
bound to the active site of HIV-1 PR were 
develo~ed from the cwstal structure coordi- 
nates df a hydroxyeth;lene inhibitor bound 
to HIV PR (15) by means of distance 
geometry (1 9) (Fig. 2, A and B) and several 
pharmacophores were generated. 

The simplest pharmacophore model 
(Fig. 2C) was based on two key intramolec- 
ular distances: that between symmetric hy- 
drophobic groups, designated P1 and PI', 
that occupy corresponding enzyme pockets 
S1 and S1' and that from P1 and PI' to a 
hydrogen bond donorlacceptor group (or 
groups) that binds to catalytic aspartates. A 
3D database search (20, 2 1) with this phar- 
macophore model yielded the "hit" (22) 
shown in Fig. 2D, which not only met the 
initial search criteria, but also included an 
oxygen that matched the structural water 
found in HIV PR-inhibitor complexes. 
This 3D search indicated that a phenyl ring 
could properly position groups to interact 
with asuartates 25 and 25' as well as to 
mimic the structural water (Fig. 2E). How- 
ever, because a phenyl ring might not 
properly position all substituents in the 
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inhibitor, a cyclohexanone ring (Fig. 2F) 
was chosen as the initial synthetic scdold, 
with the ketonic oxygen as the structural 
water mimic. The cyclohexanone ring was 
enlarged to a seven-membered ring (Fig. 
2G) to incorporate the diol functionality. 
This synthetic target was further modified 
to a cyclic urea (Fig. 2H) on the basis of 
two considerations. First, cyclic ureas have 
established a precedent as excellent hydro- 
gen-bond acceptors both in nature [for ex- 
ample, biotin-streptavidin interactions 
(23)l and in synthetic systems (24). Sec- 
ond, it was realized that the seven-mem- 
bered cyclic urea was synthetically accessi- 
ble by cyclization of the precursor (a phe- 
nylalanine-derived diaminodiol) used in 
the linear C2-symmetric diol series (8). 

Additional modeling studies were per- 
formed with the cyclic ureas to predict the 
optimal stereochemistry and conformation 
needed for complementary interaction with 
the HIV PR. The predicted optimal stereo- 
chemistry for cyclic ureas with substituents 
on the nitrogens is 4R, 5S, 6S, 7R (Fig. 21), 
which is derived from unnatural (D) phe- 
nylalanine. This is in'contrast to the linear 
C2-symmetric diol inhibitors where natural 
(L) phenylalanine at P1/Pll provides opti- 
mal stereochemistry (25). The optimal ste- 
reoisomer prefers the conformation with 
pseudo diaxial benzyl groups and pseudo 
diequatorial hydroxyl groups (26). On the 
other hand, if the nitrogens of the cyclic 
ureas are not substituted, enantiomers de- 
rived from L- or Dphenylalanine fit equally 
well at the active site. These conformation- 
a1  references were subseauentlv confirmed 
by' small molecule x-ra; c&tallography 
(27). Thus, the N-substituted cyclic urea 
ring provides a rigid framework such that 
with the proper stereochemistry and confor- 
mation, the P1/P11/P2/P2' and hydroxyls 
should be highly complementary to the 
corresponding S1/S11/S2/S2' pockets and 
catalytic aspartates of HIV PR. 

Fig. 1. Key features of the HIV PR dimer. HIV 
PR is a C2-symmetric dimer, with paired as- 
partic acid residues located at the floor of the 
active site and a water molecule juxtaposi- 
tioned between the inhibitor and flexible en- 
zyme flaps. The complex shown is that of 
Swain et a/. ( 15). 

That the cyclic urea oxygen is posi- 
tioned to serve as a surrogate for the struc- 
tural water molecule in the protease-inhib- 
itor complex is illustrated in the modeled 
complex shown in Fig. 2J. This model also 
indicates that the diol functionality should 
hydrogen bond with both Asp 25 and Asp 
25' of the HIV PR. 

While the above design and modeling 
studies were based on a static, x-ray struc- 
tural view of &e HIV PR active site, the 
design insights and predictions were con- 
firmed by the biological results and subse- 
quent structural studies. Cyclic ureas de- 
rived from L- and ~phenylalanine, when 
unsubstituted at the urea nitrogep, have 
essentially identical inhibition constant 
(Ki) values (3000 nM and 4500 nM, respec- 
tively), in agreement with modeling. Nitro- 
gen-substituted analogs of L-phenylalanine- 
derived cyclic urea do not result in in- 
creased potency as compared with the un- 
substituted cyclic urea (for example, the 
N,N-bis-ally1 analog has a K, of 4500 nM). 

c- dbl 
dodcd Into HIV PR 
acthresite 

suggested using a 
&-m 

cu to position a structural 
rmtermlmic 

C 
pmpr 

-"A  =-"A t;J - 
m- "ow 
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mociei derived km 
(B) and used in 3D 
databasesearch 

Initial idea for a 
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that Includes a 
structural water mimic 

MonoolmodhWtoa 
diol in order to increase 
inhibitor bindiw to 
caw=mta- 

Urea gaup used to 
strenethen hybogen 
bondstothenaps 

I Predicted conformation 
and stereochemisby 
that optimally positions 
PI .  PI'. P2, P2', and 
did substituents 

In contrast. substitution of D-~henvlala- 
nine-derived cyclic urea with &lyl *oups 
on the nitrogens resulted in cyclic urea 1 
(Table 1, Ki = 4.7 nM), which is 1000-fold 
more potent than the corresponding L-phe- 
nylalanine-derived cyclic urea. 

There are several factors responsible for 
the potency of nitrogen-substituted cyclic 
ureas: (i) the cyclic ureas are preorganized 
(28) for highly complementary binding to 
HIV PR, with the conformational entropic 
penalties typically associated with binding a 
linear, flexible inhibitor being "prepaid" 
during synthesis rather than during binding; 
(ii) dis~lacement of the water molecule is 
;&,baby . thermodynamically favorable 
(17); and (iii) hydrophobic interactions 
between the nitrogen substituents and the 
S2 and S2' subsites of HIV PR are opti- 
mized with the preferred conformation and 
stereochemistry. 

As part of our discovery program on HIV 
PR inhibitors, criteria for development of a 
compound as an oral agent for the treat- 

Fig. 2. Strategy and steps involved in the design of cyclic urea inhibitors of HIV PR. 
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ment of acquired immunodeficiency syn- 
drome (AIDS) were defined. In addition to 
potency against enzyme and virus in vitro, 
minimal values were established for the 
plasma concentrations relative to the anti- 
viral uotencv for an individual comuound 
after oral doiing. These limits were defined 
as a peak plasma drug concentration (C,,,) 
after oral dosing severalfold higher than the 
concentration required to inhibit virus rep- 
lication by 90% (IC,,), and a trough con- 
centration with BID (twice a day) or TID 
(three times a day) dosing greater than or 
equal to the 1C9,. 

Cyclic urea 1 displays modest antiviral 
potency (Table I), as assessed by measure- 
ment of viral RNA (29) or yield of infec- 
tious virus particles (30). Although 1 has 
appreciable oral bioavailability in the rat 
(F% = 49%), doses of 20 mg per kilogram 
of body weight fail to result in C,, con- 
centrations higher than the IC,,. Potency 
against enzyme and virus were improved 
approximately twofold by replacement of 
ally1 groups with cyclopropylmethyl, 2. 
More importantly, 2 has high oral bioavail- 
ability in the rat and the dog, such that a 
dose of 10 mg/kg in the dog results in 
sustained plasma drug concentrations in 
excess of the 1C9,. If the long plasma 
half-life in the dog (8 hours) is predictive of 
humans. BID or TID dosine could maintain - 
plasma drug concentrations above the IC,,. 

Modeling studies revealed that the en- 
zyme's S2/S2' subsites are relatively large 
and can accommodate residues such as 
naphthalene rings. Cyclic urea 3, contain- 
ing P-naphthylmethyl substituents, showed 
a 10'-fold improvement in K,, consistent 
with an increase in hydrophobic interac- 
tions. In this case, however, greater inhibi- 
tion of enzyme did not result in greater 
antiviral efficacy, perhaps because the 
naphthyl substituents are too lipophilic. 
Additional modeling studies suggested that 
introduction of hydrogen-bonding groups 
on otherwise lipophilic urea nitrogen sub- 
stituents might further increase S2/SZf sub- 
site affinity and provide greater antiviral 
efficacy. 

Cyclic urea 4, which incorporates p-hy- 
droxymethylbenzyl as the nitrogen substit- 
uent, combines good potency against virus 
and HIV PR with significant oral bioavail- 
ability (Table 1). In the rat and the dog, 
plasma drug concentrations severalfold 
higher than the antiviral 1C9, are achieved. 
Because of the combination of high potency 
and significant bioavailability, compound 
4, designated DMP 323, is currently under- 
going additional study, including phase I 
clinical investigation. 

To demonstrate that the antiviral activ- 
ity of cyclic ureas reflects inhibition of 
HIV-1 PR, we assessed the ability of cyclic 
ureas 1 through 4 to inhibit processing of 

Table 1. Biological properties of cyclic urea inhibitors of HIV protease (37). 

1 2 3 4 

-1.- y h 1 N - a  Q3JN-@ 
p w ~ ~ ~  p w O i \ p h  

Parameter 
p&i\ph 

Compound 
Molecular weight 
K* (nM) 
I C ~ ~ ' *  ( i ~ )  
Icgo RNAt (pM) 
ICgo YIELDS (pM) 
ICgo RIP5 (pM) 
TCSOII (KM) 

PO dose (mglkg) 
c,, (PM) 
t ,, (hours) 
F% 

PO dose (mglkg) 
c,, (PM) 
t 1,  (hours) 
F% 

2 
435 

2.14 2 0.52 
0.30 

1.75 ? 0.73 
1.83 ? 0.22 

3.91 
33.6 2 9.9 

Rat bioavailabi11tyV 
10 

4.34 
1.1 

100 ? 28 
Dog bioavailabilityll 

10 
9.24 
8.0 

4 8 2  14 

*& values were measured as described (38), with 62.5 to 250 pM HIV PR dimer and I to 10 nM inhibitor. The 
concentration giving 50% inhibition of cleavage of gag polyprotein precursor was measured as described 
(38). tlnhibition of viral replication was quantified in HIV-I (RF)-infected MT2 cells by measurement of viral 
RNA with an oligonucleotide-based sandwich hybridization assay (29). Slnhibition of viral replication in HIV-1 
(RF)-infected MT2 cells was quantified by a yield reduction assay as described (30). Blnhibition of gag 
polyprotein processing in chronically infected Molt4 cells was determined by radioimmunoprecipitation assay 
(RIP) as described (31). IlThe concentration of compound that produced a 50% reduction in the number of 
viable cells as determined by metabolism of a tetrazolium dye was designated the TC,,. 'Bioavailability was 
determined in groups of rats or dogs (n = 4 per group) dosed with compound in formulations containing propylene 
glycol, polyethylene glycol 400, water. The maximum plasma concentration (C,,,,) is the observed peak plasma 
concentration after an oral dose. The plasma elimination half-life, tl,2, was determined by linear regression of the 
terminal phase of the logarithm plasma concentration-time curve. Oral bioavailability (F%) was determined by the 
ratio AUC POIAUC IV, where AUC is the area under the plasma concentration-time curve from time zero to infinity 
and is normalized for dose. ND, not done. Details will be published elsewhere. 

the viral gag polyprotein in Molt 4 cells 
chronically infected with HIV-1 (RF) and 
metabolically labeled with [35S]methionine 
and [35S]cysteine (31). Released and cellu- 
lar viral proteins were immunoprecipitated 
with antisera to gag p24 protein. The po- 
tency of these compounds in inhibiting the 
processing of full-length gag polyprotein 
precursor to mature p24 closely mirrors 
their rank order and potency in inhibiting 
virus replication as measured by either viral 
RNA detection or yield reduction (Table 
I), indicating that the antiviral effect is 
likely due to inhibition of the viral protease 
in the infected cells. 

In contrast to the potency shown by 
these cyclic ureas toward HIV PR, no inhi- 
bition of the cellular aspartyl proteases re- 
nin, pepsin, and cathepsin D was observed 
at drug concentrations at least 3000 times 
higher than the K, value for HIV-1 PR. 
This specificity for HIV-1 PR is a conse- 
quence, at least in part, of the design of the 
cyclic ureas, since only in the retroviral 
aspartyl proteases has the structural water 
molecule (mimicked by the cyclic ureas) 
been observed. 

Crystal structures of 10 cyclic urea-HIV 
PR complexes have been determined. The 

structure of comuound 3-HIV PR comulex 
(32) is presented here since it is currently of 
the highest resolution (1.8 A) and refine- 
ment (final R factor = 19.5%). Inspection 
of electron density maps shows the confor- 
mation of the inhibitor bound at the prote- 
ase active site and reveals that the diad 
symmetry axes of the inhibitor and protease 
are nearly coincident. As shown in Fig. 3, 
the inhibitor is situated with the seven- 
membered ring roughly perpendicular to 
the plane of the catalytic aspartates. Both 
inhibitor diol oxygens are positioned to 
interact with these carboxylates. The car- 
bony1 oxygen of the inhibitor accepts hy- 
drogen bonds from backbone amides of Ile 
50 and its symmetry-related counterpart Ile 
50'. Thus, the inhibitor links the protease 
catalytic aspartates to the flexible loops via 
a hydrogen bond network that does not 
include an intervening water molecule, in 
contrast to what is seen in x-ray structures 
of HIV-1 PR complexed with linear pepti- 
domimetic inhibitors (12-1 6, 18). 

The issues of preclinical efficacy assess- 
ment and development of resistance to HIV 
therapeutics are of special interest for AIDS 
therapeutics. The lack of reliable small 
animal models for AIDS has hampered the 
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Flg. 3. Sterh drawing of the inhibitor in the active site of HIV-1 PR (32). All heavy atoms of the 
inhibitor are shown in ball and stick representation, and a selected portion of the protein backbone 
as a ribbon-brown for the monomer 1 and green for monomer 2. The active site aspartic acids Asp 
25 and 25', the backbone carbonyl oxygens of Gly 27 and Gly 27', and the amino nitrogen atoms 
of Ile 50 and Ile 50' are shown as solid spheres. Colors used for the inhibitor are gray for carbon, 
blue for nitrogen, and pink for oxygen. The phenyl and naphthyl rings of the inhibitor pack in the 
hydrophobic S1/Sll and S21S2' pockets, respectively. 

drug discovery process in that in vivo effi- 
cacy testing cannot be easily assessed during 
preclinical studies. Rodent models that 
mimic in some way the HIV infection 
process, or are based on expression of a 
component (or components) of the HIV 
genome are currently an active area of 
research [for example, the use of transgenic 
mice or Friend leukemia virus models (33)l. 
Preliminary results with a transgenic mouse 
line in which cataracts develop as a result of 
the expression of HIV PR under control of 
the lens a-crystalline promoter indicates 
that DMP 323 (cyclic urea 4) causes a delay 
in the appearance of these HIV PR-depen- 
dent cataracts (34). The limited efficacy 
against SIV, (lCw = 0.90 pM) suggests 
that the simian immunodeficiency virus- 
rhesus monkey model may not be a useful 
animal model in which to evaluate this 
compound. Recent clinical findings and in 
vitro studies suggest that the utility of some 
inhibitors of another HIV target, the re- 
verse transcriptase, may be limited because 
of rapid onset of resistance to therapeutic 
agents through target mutation (35). Stud- 
ies in progress with DMP 323 suggest that 
mutations within the HIV PR leading to 
resistance occur only after prolonged pas- 
sage in culture and lead to increases in the 
apparent lCw of less than 10-fold (36). 
Further studies will map the extent and 
multiplicity of mutations in the HIV PR 
gene selected by growth in the presence of 
cyclic ureas. Use of structure-based design 
techniques should promote the develop- 
ment of improved compounds with activity 
against both wild-type and mutant HIV PR. 
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Regulation of MHC Class I Transport by the 
Molecular Chaperone, Calnexin (p88, IP90) 

Michael R. Jackson, Myrna F. Cohen-Doyle, 
Per A. Peterson, David 9. Williams* 

Assembled class I histocompatibility molecuks, consisting of heavy chain, p,-microglob- 
ulin, and peptide ligand, are transported rapidly to the cell surface. In contrast, the intra- 
cellular transport of free heavy chains or peptide-deficient heavy chain-p,-microglobulin 
heterodimers is impaired. A 90-kilodalton membrane-bound chaperone of the endoplasmic 
reticulum (ER), termed calnexin, associates quantitatively with newly synthesized class I 
heavy chains, but the functions of calnexin in this interaction are unknown. Class I subunits 
were expressed alone or in combination with calnexin in Drosophila melanogaster cells. 
Calnexin retarded the intracellular transport of both peptide-deficient heavy chain-p,- 
microglobulin heterodimers and free heavy chains. Calnexin also impeded the rapid in- 
tracellular degradation of free heavy chains. The ability of calnexin to protect and retain 
class I assembly intermediates is likely to contribute to the efficient intracellular formation 
of class I-peptide complexes. 

Class I molecules of the major histocom- 
patibility complex (MHC) present peptides 
derived from endogenously synthesized pro- 
teins to cytotoxic T cells. Assembly of the 
class I heavy chain with P2-microglobulin 
(P2m) occurs rapidly within the ER (1, 2). 
Peptides arising from protein degradation 
within the cytosol are delivered to assem- 
bling class I molecules by transporter pro- 
teins (TAP1 and TAP2) localized to mem- 
branes of the ER and cis-Golgi (3, 4). For 
most class I molecules. transoort to the cell 
surface is rapid, although allotype-specific 

variation is observed in the rate of transport 
from the ER to the Golgi apparatus (Table 
1, mouse lymphoma). In murine RMA-S 
cells, which have a mutation in the TAP2 
protein (3, Kh and Dh heavy chains asso- 
ciate with p2m (6, 7) but are largely defi- 
cient in peptide ligand (&I]) and are 
transported from the ER to Golgi very 
slowlv (Table 1. RMA-S). Peotide-defi- , . 
cient class I molecules can also be produced 
by expression of murine heavy chains and 
p2m in Drosophila Schneider cells because 
these cells lack auxiliaw proteins required . . 

for supplying peptides td assembling dlass I 
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deficient D ~ ;  Kh, and Ld heterodimers in 
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tion by endoglycosidase H (reflective of 
transport through the Golgi) with half- 
times of 25, 60, and 80 min, respectively, 
as compared to >I80 and 100 min for Dh 
and Kh heterodirners in RMA-S (Table 1). 
These findings suggested that a mechanism 
exists in mammalian cells for retaining in- 
completely assembled class I molecules, a 
mechanism that is nonexistent or impaired 
in Drosophikz. 

Calnexin is a membrane-bound chaeer- 
one of the ER that interacts transiently 
with a diverse array of wild-type proteins at 
early stages in their synthesis and in a 
prolonged fashion with misfolded or incom- 
pletely assembled proteins (1, 6, 13-1 8). 
As yet, there have been no direct demon- 
strations of the functions that calnexin mav 
serve in these interactions. Because cal- 
nexin binds quantitatively to newly synthe- 
sized class I heavy chains in mouse cells (I) ,  
we assessed its ability to influence the trans- 
port of incompletely assembled class I mol- 
ecules in Drosophila cells. Stably transfected 
Drosophikz cell lines were prepared that 
expressed murine Kh, Dh, or Ld heavy 
chains with or without p2m in the absence 
or presence of calnexin (19). A protein 
immunoblot of lysates from these transfec- 
tants revealed that cells transfected with 
the calnexin complementary DNA 
(cDNA) exeressed calnexin in amounts , A 

comparable to those observed in murine 
tumor cells, whereas cells lacking this 
cDNA exhibited only trace amounts of two 
endogenous proteins of -90 kD (Fig. 1). 
Thus, Drosophikz cells either do not possess 
substantial amounts of a calnexin homolog 
or the similarity in structure is not sufficient 
to permit cross-reactivity with antibodies to 
calnexin. 

Expression of calnexin slowed ER to 
Golgi transport of peptide-deficient Dh-P2m 
heterodimers from a half-time (tIl2) of 25 to 
125 min (Fig. 2A). In cells lacking cal- 
nexin, the intensity of the heavy chain 
band increased after prolonged periods of 
time. This was due to slow assembly of the 
Dh heavy chain with P2m, an event that 
was required for immunoreactivity (20). In 
cells expressing calnexin, assembly oc- 
curred much more rapidly, suggesting that 
calnexin may promote assembly of the Dh 
heavy chain with p2m in addition to slow- 
ine the transeort of the heterodimer. To - 
confirm that a complex was indeed formed 
between peptide-deficient Dh-P2m het- 
erodimers and calnexin, we performed a 
comparable pulse-chase experiment, except 
that cells were lysed in the presence of the 
homobifunctional cross-linker DSP. In cells 
lacking calnexin, the only cross-linked spe- 
cies recovered had an apparent molecular 
size of -60 kD (Fig. 2B). However, in cells 
expressing calnexin, other cross-linked spe- 
cies were observed as a doublet of - 170 kD 
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