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ABSTRACT Protein carbamylation is of great concern both in vivo and in vitro.
Here, we report the first structural characterization of a protein carbamylated
at the N-terminal proline. The unexpected carbamylation of the R-amino group
of the least reactive codified amino acid has been detected in high-resolution
electron density maps of a new crystal form of the HIV-1 protease/saquinavir
complex. The carbamyl group is found coplanar to the proline ring with a trans
conformation. The reaction of N-terminal with cyanate ion derived from the
chaotropic agent urea was confirmed by mass spectra analysis on protease
single crystals. Implications of carbamylation process in vitro and in vivo are
discussed.
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The HIV protease (PR) is an aspartic protease that
shares sequence homology around the active site with
other retroviral proteases, as the conserved Asp-Thr-

Gly catalytic triad.1 PR is required for proteolytic cleavage of
viral Gag and Gag-Pol polyproteins into individual structural
and functional proteins during viral maturation.2 In the
absence of this proteolysis, immature noninfectious virions
are produced, thus making PR a prime target for structure-
assisted drug design in antiviral therapy.3,4

The structure-assisted drug design and discovery process
utilizes techniques such as protein crystallography, nuclear
magnetic resonance (NMR), and computational biochemis-
try to guide synthesis of potential drugs. PR has been widely
characterized biochemically and structurally, which has led
to the discovery of HIV protease inhibitors (PIs). Their
utilization in highly active antiretroviral therapy (HAART)
has been a major turning point in the management of
HIV/acquired immune-deficiency syndrome (AIDS).5

Recently, we have demonstrated that high-resolution
X-ray crystallography can be used as a powerful method to
identify the most potent PR inhibitor present in an epimeric
mixture.6 The pseudosymmetric peptidomimetic inhibitor
based on a novel Phe-Pro isostere core matched the 2-fold
symmetry of the homodimeric structure of the PR. Fourier
maps obtained by high-resolution diffraction data (1.3 Å)
clearly showed the catalytic site fully occupied by a single
ordered stereoisomer. On the contrary, several X-ray crystal
structures of PR complexed with more asymmetric FDA-
approved inhibitors, like darunavir, nelfinavir, and saquina-
vir (SQV), have the catalytic site occupied by the inhibitor
oriented in two almost equivalent positions related by a
pseudo-2-fold symmetry.7-12

To investigate this order/disorder phenomenon and its pos-
sible relationship with crystal packing, we have undertaken a
systematic search for new crystal forms of wild-type PR in
complexwith SQV. Single crystals of the PR/SQV complexwere
obtained by a vapor diffusion technique and analyzed by X-ray
diffraction. These crystals belong to a new monoclinic crystal
form, which contains two dimers of the complex in the
asymmetric unit. Other crystal structures of PR/SQV, including
variants of PR, so far reported are orthorhombic and cubic
forms.7,9,11-14 This new PR/SQV crystal structure is isomorphic
with the structure reported for PR in complex with indinavir
(IDV) (pdb code = 2AVV).15 The electron density maps of PR/
SQV, obtained at 1.39 Å resolution, show the catalytic sites of
both crystallographically independent dimers, each fully occu-
pied by a SQVmolecule statistically distributed in two different
orientations, related by a pseudo-2-fold symmetry (Figure 1),
with occupancies of 38-62% (AB dimer) and 25-75% (CD
dimer), respectively. A similar report with statistical disorder of
ligand (52 and 48%) has been obtained for the isomorphic
structure of PR/IDV.15

A working hypothesis on the presence of an ordered or
disordered inhibitor in the catalytic site is that the asymme-
try of the dimeric protein induced by the inhibitor binding
can either be sufficient or not to influence the crystal growing
in an orderedmanner (presence of only one single orientation
of the inhibitor). The disorder of the ligand into two equivalent
orientations is observed if the overall structure of the com-
plexed dimer substantially maintains its 2-fold symmetry. In
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this case, the molecular association process (crystal
growth) produces an equiprobable statistical distribution
over two almost equivalent protein orientations. This
process is governed not only by the inhibitor-induced
asymmetry of the complex (even observed with sym-
metric inhibitors16) but also by the specific intermolecu-
lar contacts present in the crystal packing (crystal form)
and the crystal growth rate.

Behind the order/disorder phenomenon of the catalytic
site, the most striking feature observed in the present PR/
SQV structure is the modification of the N-terminal proline.
Fourier maps obtained by high-resolution diffraction data
from synchrotron radiation clearly show that both N-term-
inals of one of the two crystallographically independent
dimers are involved in extra covalent bonds with groups
having a trigonal geometry. The hydrogen-bonding network
formed by these groups suggested the presence of an
H-bond acceptor (possibly an oxygen atom) and a double
H-bond donor (possibly an NH2 group) bound to the central
atom (possibly a carbon atom) involved in the N-terminal
modification (Figure 2).

This suggested the presence of carbamylation of N-term-
inal proline, which was confirmed by liquid chromatogra-
phy/mass spectra analysis on single crystals of the PR/SQV

complex. The carbamyl group is coplanar with the proline
ring and assumes a trans conformation (NH2-C-N-CA
torsion angle of 172�). The mass spectra show that the most
abundant species present in the crystal is a monocarbamy-
lated PR, with minor fractions of “native” PR and double
carbamylated PR also present (Figure 3).

The purification method of PR employed in this study made
use of urea (8M solution) as a chaotropic agent. The carbamyla-
tion of protein by residual cyanate ions derived from urea has
long been established,17 and the cyanate present in 8 M urea
solution is sufficient to react with amino groups of protein.17,18

The chaotrope urea is commonly used during recombinant
protein expression as a denaturant/solubilizing agent, and cya-
nate formation in theureabuffer cannot bepreventedunder the
condition of normal protein purification.19 For example, trans-
formation of insulin by reactionwith cyanate slowly formed in a
freshly prepared urea buffer solution during chromatography
experiments carried out at room temperature has also been
reported.19 Protein modification by carbamylation of ε-NH2

group of lysine has been particularly reported.17,20,21 R-Amino
groups of alanine, cysteine, and glycine have also been reported
as possible carbamylation sites.22-24 To the best of our knowl-
edge, the present communication represents the first
experimental report on carbamylation of N-terminal pro-
line in protein. It is interesting to note that the logarithm
of the rate constants for carbamylation reaction of cya-
nate with a series of peptides has been found linearly
related to the pKa values of the amino groups.25 Thus,
considering the Ka values of amino acids, the secondary
R-amino group of proline is expected to be the least
reactive N-terminal in proteins, with reactivity very close
to that of the primary amino group of lysine side chains.
However, in the X-ray structure, the carbamylation was
not observed in any of the seven lysine ε-NH2 groups
present in PR.

Protein carbamylation is of great concern both in vivo and
in vitro. Lippincott and Apostol23 reported in their studies
that, in the presence of urea, hemoglobins have a significant
level of carbamylated cysteines as an artifact of protein

Figure 1. Dimeric structure of HIV-1 protease (ribbon/loop ren-
dering) viewed parallel to the 2-fold symmetry axis. The electron
density 2Fo-Fc map (contour level at 1.0σ) of the catalytic
channel of HIV-1 protease shows the double orientation (green
and cyan sticks) of SQV.

Figure 2. Electron density 2Fo-Fcmap (contour level at 1.0σ) of a
carbamylated N-terminal proline. The carbamyl group, coplanar
with the proline ring, assumes a trans conformation and forms
hydrogen bonds with a neighboring dimer.

Figure 3. Mass spectra of a PR/SQV single crystal.
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digestion. In fact, in vivo carbamylation of proteins in vari-
ous diseases has been reported. Carbamylation of R-crystal-
lins (caused by cigarette smoking) plays an important role in
the development of cataract by generating conformational
changes that lead to lens opacity.26,27 Carbamylation of ex-
tracelullarmatrix proteins in kidneys of uremic patients have
been substantiated,28 and it has been shown that cyanate
can induce hemolysis by carbamylation of erythrocytes.29

Carbamyl modification of amino acid side chains results in
changes in protein charge state, which can lead to conforma-
tional alterations, variations in analytical profiles, and mod-
ification of bioactivity.30-32

Of the four crystallographically independent N termini,
only the AB dimer showed a convincing electron density for
a similar modification at both proline residues. These carba-
mylated residues are involved in special dimer-dimer inter-
actions. The carbamyl group on Pro 1B forms two hydrogen
bonds with Lys 70D and one weak hydrogen bond with Gln
92D of the neighboring unmodified CD dimer (Figure 2). The
carbamyl group on Pro 1A interacts trough a water molecule
with Arg 57B of a symmetry-related AB dimer. The unit cell
analysis shows that the monoclinic crystal form obtained in
this work is related by group-subgroup relations33 to the
orthorhombic crystal form of the PR/SQV complex obtained
at 1.16 Å of resolution.9 The recognition of group-subgroup
relations between space groups and unit cells of different
crystal structures can provide a direct insight into protein
packing.34 The asymmetric unit of the orthorhombic form is
composed of one crystallographically independent dimer
having a 50-50% statistical disorder of SQV ligand. A
similar packing (close in energy) is observed for the non-
isomorphic monoclinic crystal structure here reported. This
structure has a lower crystal symmetry (the P21 space group
is a maximal nonisomorphic subgroup of the P212121 space
group), and as a consequence, the number of crystallogra-
phically independent dimers doubles. The asymmetric unit
in this case is formed by two nonequivalent dimers: the
carbamylated AB dimer and the unmodified CD dimer. The
loss of crystallographic symmetry elements can be related to
the peculiar dimer-dimer interaction exhibited by the car-
bamoylated prolines. The SQV inhibitor is statistically
distributed in two orientations with occupancies of
38-62% (AB carbamylated dimer) and 25-75% (CD
unmodified dimer), while the orthorhombic form is 50-
50%. Thus, the reduction of the crystal symmetry seems
to be related to a reduced disorder of the inhibitor (the
estimated error on occupancy factors evaluated by
SHELXH least-squares refinement of the SQV molecule
having the same isotropic thermal factors for equivalent
atom pairs is about 3%). Furthermore, a small difference
is observed in occupancies among modified and unmo-
dified dimers. This could be associated with the slight
increase of the intermolecular contacts observed in
the carbamylated N termini, which are probably not
influenced by the orientation of the inhibitor. However,
on the basis of the present results, no definitive conclu-
sion on ordered/disordered phenomenon can be drawn,
and further experimental and theoretical studies are
needed to investigate the problem.

SUPPORTING INFORMATIONAVAILABLE Protocols for ex-
pression and purification of PR, crystallization, structure determi-
nation, and liquid chromatography/mass spectrometry analysis.
This material is available free of charge via the Internet at http://
pubs.acs.org.

Accession Codes: The coordinates for the structure described
here have been submitted to the Protein Data Bank as entry 3K4V.
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