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Abstract

Nucleoporin Nup98, a 98-kDa protein component of the nuclear pore complex, plays an important role
in both protein and RNA transport. During its maturation process, Nup98 undergoes post-translational
autoproteolysis, which is critical for targeting to the NPC. Here we present high-resolution crystal
structures of the C-terminal autoproteolytic domains of Nup98 (2.3 A for the wild type and 1.9 A for the
S864A precursor), and propose a detailed autoproteolysis mechanism through an N-O acyl shift.
Structural constraints are found at the autocleavage site, and could thus provide a driving force for
autocleavage at the scissile peptide bond. Such structural constraints appear to be generated, at least in
part, by anchoring a conserved phenylalanine side chain into a highly conserved hydrophobic pocket at
the catalytic site. Our high-resolution crystal structures also reveal that three highly conserved residues,
Tyr866, Gly867, and Leu868, provide most of the interactions between the autoproteolytic domain and
the C-terminal tail. These results suggest that Nup98 may represent a new subtype of protein that
utilizes autoprocessing to control biogenesis pathways and intracellular translocation.
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structural constraints

The human nucleoporin 98 (Nup98) is a component of
the nuclear pore complexes (NPCs) which provide the
only known portals for macromolecule exchange between
the nucleus and cytoplasm (Suntharalingam and Wente
2003). Recent studies using a battery of complementary
techniques have revealed that the NPC is highly modular
on several levels, ranging from the eightfold rotational
symmetry of the pore structure down to a limited set of
domain structural elements (Schwartz 2005). Thus even
though the NPC is a massive complex (sizes ranging from
60 to 125 MDa for the vertebrates), it is built from
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multiple copies of only approximately 30 different pro-
teins called nucleoporins (Nups). Nup98 is directly in-
volved in the transport of proteins and RNAs (Blevins
et al. 2003) and is the target of the vesicular stomatitis
(von Kobbe et al. 2000) and influenza viruses (Satterly
et al. 2007). Chromosomal rearrangements involving Nup98
have also been implicated in leukemia (Slape and Aplan
2004).

For NPC targeting, an autoproteolytic processing event
at the C-terminal domain is required during maturation
of Nup98. Nup98 is encoded by two alternatively spliced
mRNA transcripts (Fontoura et al. 1999). One transcript
is translated into a 98-kDa, 920-amino acid protein which
is post-translationally cleaved at the peptide bond be-
tween Phe863 and Ser864, into a 92-kDa N-terminal frag-
ment (here termed Nup98-N) and an 6-kDa C-terminal
tail (Nup98-C). The other transcript is translated into a
190-kDa polyprotein which is also post-translationally
processed between Phe863 and Ser864, to form the
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92-kDa N-terminal protein (Nup98-N) and a 96-kDa
C-terminal protein (Nup96). Studies have indicated that
post-translational cleavage of the Nup98 or Nup98-
Nup96 polyprotein is essential for the assembly of both
Nup98-N and Nup96 into the NPC (Fontoura et al. 1999).
Recently, it has been discovered that human nucleoporins
Nup98 and Nup98-Nup96 are both post-translationally
processed by intramolecular autoprocessing (Rosenblum
and Blobel 1999).

The C-terminal autoproteolytic domain of Nup98 is
a unique building module among Nups (Schwartz 2005)
but is similar to other proteins capable of intramolecular
autoprocessing, such as inteins, pyruvoyl enzymes, and
Ntn (N-terminal nucleophile) hydrolases (Paulus 2000).
These autoproteolytic processing events are initiated by
a nucleophilic attack of a threonine, serine, or cysteine
residue at the scissile peptide bond, leading to an N-O or
N-S acyl rearrangement of the peptide bond (acyl shift)
and resulting in a (thio)ester bond. Usually the equili-
brium of an N-O or N-S acyl shift favors the amide bond,
thus limiting the peptide bond cleavages. The fact that
some proteins can self-process at these scissile peptide
bonds suggests that these are not typical peptide bonds.
This notion has been supported by our crystallographic
analyses of an Ntn precursor, glycosylasparaginase (GA)
precursor, which showed the scissile peptide bond to be
in distorted trans conformations (Xu et al. 1999). Such
an unusual distortion for an N-O or N-S acyl shift has
also been found in other autoprocessing proteins (Ditzel
et al. 1998; Klabunde et al. 1998; Hewitt et al. 2000;
Poland et al. 2000; Kim et al. 2002) and is confirmed by
NMR studies (Romanelli et al. 2004). Thus the distorted
conformations with higher energy than a regular pep-
tide bond could drive the equilibrium toward ester bond
formation. Recently, a 3 A resolution structure of the
Nup98 autoproteolytic domain was reported (Hodel et al.
2002). However, the resolution was insufficient to reveal
details of autoproteolysis mechanism and its interactions
with Nup96 for NPC targeting. Here, we report a 1.9 A
crystal structure of the autoproteolytic domain to study
the detailed autoproteolysis mechanisms of Nup98. The
structure also provides a model to explain the dynamic
nature of Nup98 and a possible binding site for Nup96.

Results

To determine high-resolution structures of the Nup98
autoproteolytic domain, we searched for new constructs
that would produce high-quality crystals. To this end, we
screened several constructs of Nup98 C-terminal domains
for crystallization. The wild-type coding sequence was
used to screen for the mature/autocleaved form (WT),
whereas the catalytic Ser864 was replaced with an alanine
to prepare the uncleaved precursor form (S864A). The

best crystals of S864A precursor, diffracting to 1.9 A
resolution, were obtained using the construct containing
residues 716-870 of the Nup98 autoproteolytic domain,
which also included a six-histidine tag at its C terminus to
facilitate purification. The best crystals of the wild-type
domain, diffracting to 2.3 A resolution, were grown from
a construct containing residues 712-870 of the Nup98
autoproteolytic domain, also with a C-terminal His-tag.

Minimal autoproteolytic Nup98 domain

Biochemical analyses were used to study the auto-
proteolytic activity of the truncated constructs that gave
the best diffracting crystals. As mentioned above, crys-
tallization screens had selected a wild-type construct that
is four residues longer at the N terminus than the S864A
precursor fragment. Nonetheless, a side-by-side compar-
ison on an SDS-PAGE gel (Fig. 1A) shows that the wild-
type fragment has a faster mobility than the precursor
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Figure 1. Autoproteolysis activity of the minimized Nup98 domain. (A)
Slight migration difference on SDS-PAGE between the wild-type domain
(a.a. 712-870 plus six histidines on its C terminus) and the autocleavage-
deficient counterpart, the S864A precursor (a.a. 716-870 plus six histi-
dines on its C terminus). The faster mobility of the wild-type fragment
suggests an autocleavage has occurred to trim it into a smaller fragment.
(B) Western blot results, probed with a His-tag antibody, indicate that the
C-terminal His-tagged tail remains attached to the autocleavage-deficient
(S864A) fragment but is absent from the wild-type counterpart. (C) FPLC
gel filtration curves of the wild-type (gray) and the S864A precursor
(black). Significant difference in elution volume is indicative of conforma-
tional differences, likely a result of autoproteolysis in the wild-type
protein.
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fragment, consistent with the notion that autoproteolysis
has cleaved a 13-residue tail (residues 864—870 followed
by a 6-His tag) off the wild-type autoproteolytic domain.
To ensure that the C-terminal tail was indeed being
cleaved off the wild-type domain, fragments separated
on the SDS-PAGE gel were transferred to a nitrocellulose
membrane and probed with an antibody against the C-
terminal His-tag. As expected, Western blot analysis
shows that the C-terminal tail is retained in the S864A
precursor construct, but is absent from the wild-type
domain (Fig. 1B). Further, it had been shown that even
after the autocleavage, the C-terminal tail remains non-
covalently associated with the N-terminal domain (Hodel
et al. 2002). This has also been confirmed by the fact
that we were able to obtain high yield of both the
S864A precursor and the wild-type domain using a nickel
chelating column, by binding to the C-terminal His-tags.
Thus, whether autocleaved or not, the C-terminal tails
remain associated with the Nup98-N domain throughout
the purification processes. Nonetheless, gel filtration indi-
cates that the S864A and wild-type domains were eluted
at slightly different volumes (Fig. 1C), suggesting there
are some conformational differences between the wild-
type and the S864A precursor domains. Since the differ-
ence in molecular mass alone between these two proteins,
<500 daltons (four residues), is too small to be resolved
by the gel filtration column used (see Materials and
Methods), and since gel filtration separates proteins in
their native forms by not only molecular size but also
shape, the significant difference in elution volume is
likely to be a result of the autoproteolysis that cuts a
surface loop into two floppy ends with opposite charges.
Altogether, these biochemical analyses show that the
truncated wild-type domain retains its autoproteolytic
activity. High-resolution electron-density maps from
crystallographic studies of these two domains provide

Table 1. Data-collection statistics of the Nup98 crystals

direct visualization of the backbone cleavage in the
minimized wild-type autoproteolytic domain of Nup98
(see below).

Structures of the Nup98 autoproteolytic domains

There is evidence that structural rearrangements subse-
quent to autoproteolysis are essential for the interaction
between Nup98 and Nup96 (for NPC targeting) (Fontoura
et al. 1999). In line with this notion, an autoproteolyzed
Nup98 domain crystallized in different solution condi-
tions and yielded different crystal forms than its precursor
domain. The wild-type domain crystallized in the space
group P3,21 with unit cell constants a = b = 90.3 A, and
¢ = 97.6 A, whereas crystals of the S864A precursor
belong to the space group P4,2,2 with unit cell constants
a=5b=2697A and ¢ = 91.0 A (Table 1). To avoid the
model bias, the experimental phases of the wild-type
structure were obtained at 3.3 A by three-wavelength
MAD method using three selenium sites in a SeMet-
derivatized crystal, and the final structure was determined
at 2.3 A and refined to an Rfee of 26.0% and an Reryst of
22.8% (Table 2). Similarly, the experimental 2.7 A phases
of the S864A precursor were obtained from a single
selenium site by three-wavelength MAD method, and the
final structure at 1.9 A resolution has been determined
and refined to an Ryee of 22.9% and an Ry of 20.6%. As
expected, the polypeptide chain of the wild-type sequence
is broken at the scissile peptide bond, after Phe863,
whereas that of S864A precursor is continuous (see
below).

The wild-type autoproteolytic domain of Nup98
adopts a B-sandwich-like fold (Fig. 2), similar to the 3 A
structure (Hodel et al. 2002). The root mean square
deviation (RMSD) between the current structure and the
previously published low-resolution structure is 0.6 A

Wild type S864A precursor
Native SeMet Native SeMet
X-ray source Beamline X12C of NSLS at BNL
Resolution (A)* 2.3 (2.38-2.3) 3.3 (3.42-3.3) 1.9 (1.97-1.9) 2.7 (2.8-2.7)
Space group P3,21 P4,2,2

Unit cell (A or deg.) =b =903, c =97.6,

a
a =B =90°vy=120°

a=b=902,c=976,
a =B =90°y=120°

a=>b=69.7,c=0910,
a=p=vy=90°

a=b=1698,c=913,
a=p=y=090°

No. of unique reflections 20,739 18,307 6816
No. of observations 55,995 62,289 54,619 59,507
Redundancy® 2.7 (2.7) 8.4 (7.6) 3.0 3.0) 8.7 (8.1)
Completeness (%)* 98.1 (97.6) 98.4 (99.0) 99.1 (99.9) 99.9 (99.8)
<llog>* 18.1 (3.5) 18.5 (8.6) 18.8 (3.8) 32.7 (9.1)
Rinerge (%)™° 5.8 (29.9) 10.6 (23.1) 5.3 (28.5) 6.1 (23.0)

“Numbers in parentheses are for highest-resolution shells.

" Rinerge = (Sn2illi — <>DIEn20, Where <I)> is the average intensity of n independent observations, Iy, of a given reflection /.
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Table 2. Statistics of model building and refinement

S864A
Wild type precursor
Resolution range (A) 6-2.3 6-1.9
No. of unique reflections 19,630 17,598
Reryst (%)* 22.8 20.6
Ripee (%)* 26.0 229
Non-hydrogen atoms per
Asymmetric unit:
Protein 2,385 1,187
Water 89 97
RMSD:
Bond length (A) 0.006 0.005
Bond angle (°) 1.16 1.21
NCS related (A)° 0.54 N/A
Average B-value (Az)
Protein/water 33.4/29.8 23.2/23.7

*Reryst = ZplFobs — Fealcl/ZnlFobsl, Where Fops and Fey are the observed
and calculated structure factor amplitudes, respectively. Rp.. was calcu-
lated using a randomly selected 10% reflections that were omitted from all
stages of the refinement.

®The RMSD between the two NCS-related wild-type molecules in the
asymmetric unit was calculated using all Ca atoms of protein.

for all the equivalent Ca atoms. The structure is rich of
B-strands, which form double-layer -sheets capped with
two a-helices on each side (a1, @2 on one side and o3, ad
on the other side). One layer is composed of a three-3-strand
sheet (B4, BS, B9), while the other layer contains two side-
by-side B-sheets, each with three B-strands (31, B2, B3,
and (6, B8, B7). Additionally, 32 and B3 are two long
antiparallel B-strands, forming a tent-like shape capped by
helix o2. The autoproteolytic site is located in the loop
between the last two strands, 8 and (9.

The S864A precursor structure is almost the same as
the wild-type domain, except that the polypeptide chain
remained connected between Phe863 and Ser864 (Fig.
3). The overall superimposition of two structures gave
a RMSD of 0.6 A between the Ca carbons of the two
models, suggesting that the cleavage of peptide bond be-
tween Phe863 and Ser864 in the wild-type domain does
not have a dramatic effect on the overall structure. How-
ever, significant changes as the result of autoproteolysis
were observed at the autocatalytic site.

Autocatalytic sites

One major difference between electron-density maps of
S864A precursor and the wild-type domain is at the
scissile peptide bond, between Phe863 and Ser864
(Ala864 in the mutant) (Fig. 3). As expected, the S864A
precursor, the non-cleavable construct, has continuous
electron densities at the autocleavage site (Fig. 3A), while
the wild-type main chain is broken between Phe863 and
Tyr866 (Fig. 3B). The lack of electron density for Ser864
and Lys865 indicates structural disorder for these two

residues in the wild-type construct. However, with a density
gap of 8.5 A (for two residues) between the well-ordered
Phe863 and Tyr866, it is most likely that the disorder is
caused by main chain autocleavage rather than flexibility of
a linked polypeptide chain.

In the S864A precursor structure, an unusual confor-
mation was found at the scissile peptide bond between
Phe863 and Ala864 (Fig. 3A). A cis peptide bond fit best
into the omit electron density, but we cannot completely
rule out the possibility of a distorted trans peptide bond.
Furthermore, the refinement software tends to minimize
the bond distortion at the expense of local density fit
(Fig. 3A). However, it is certain that the scissile peptide
bond takes an unusual conformation, similar to those
found in other autoprocessing proteins (Ditzel et al. 1998;
Klabunde et al. 1998; Xu et al. 1999; Hewitt et al. 2000;
Poland et al. 2000). These unusual, constrained peptide
bonds have higher energy than their frans counterparts
and could thus shift the equilibrium toward ester bond

a2 B4

Figure 2. Architecture of the autoproteolytic domain of Nup98. The
S864A precursor and wild-type domain have very similar overall struc-
tures, containing double layers of 3-strands with two a-helices capped on
each side. (A) Ribbon representation of the S864A precursor structure,
with a-helices and -strands shown as red/yellow and cyan, respectively.
The red “X” marks the autocleavage site between Phe863 and Ser864.
Figure produced with MOLMOL (Koradi et al. 1996). (B) Schematic
diagram showing the topology of the Nup98 autocatalytic domain. The o-
helices are represented by red columns, and the (3-strands by cyan arrows.
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Figure 3. Structural features and comparison at the autocleavage sites of the S§64A precursor and the wild-type protein. (A) Electron-
density map at the autocleavage site of the S864A precursor. The magenta map is the 2F,—F, map at 1.9 A resolution and contoured at
1.30. Model near the scissile peptide bond, at the carbonyl end of Phe863, is shown by atom type: yellow for carbons, blue for
nitrogens, and red for oxygens. The electron density between F863 and A864 is continuous, indicating that S864A is an uncleaved
precursor. Also shown are some bound water molecules, but the potential nucleophilic water molecule W97 (discussed in the text) is
not shown for clarity. (B) Electron-density map at the autocleavage site of the wild-type domain. Shown is a 2F,—F. map at 2.3 A
resolution of the wild-type structure. The backbone electron density terminates at Phe863, indicating that the C-terminal tail is
autocleaved and becomes disordered. Figures produced with PyMOL (http://pymol.sourceforge.net/). (C) A conserved hydrophobic
pocket near the autocleavage site. The side chain of Phe863 (colored in green) is deeply buried in a hydrophobic pocket surrounded by
side chains of 1758, V784, V804, V860, and Y866 (yellow for carbons and red for oxygens); these residues are invariant or highly
conserved among mammals, insects, and yeast. Additional contribution for the pocket comes from main-chain atoms of V784, H862,
S864, and L798 (not shown). Figure was produced with PyMOL. (D) Structural comparison of the Nup98 autocleavage sites before and
after autoproteolysis. Residues at the active sites and common to the S864A precursor and the wild-type structures are shown in green
and red/yellow/blue, respectively. Structure superimposition was made by C, atoms of the major -sheet (including residues 748-760
[strands B2 and B3], 803-807 [strand B6], and 846-858 [strands 37 and B8], see Fig. 2), with an RMSD of 0.2 A. Figure produced

with PyMOL.

formation and break the energetically unfavorable amide
bond (the N-O acyl shift). We were unable to compare
this constrained peptide bond with the previously re-
ported low-resolution structure (Hodel et al. 2002), due to
the omission of this segment in the deposited coordinates
(PDB ID: 1KO6).

To initiate the N-O acyl shift, the side chain of Ser864
acts as the necessary nucleophile to attack the back-
bone carbonyl carbon of Phe863 (Rosenblum and Blobel
1999). As demonstrated above, substitution of the Ser864
with an alanine (S864A mutant) completely abrogates the
autoproteolysis activity and thus results in the precursor
domain. When a serine was modeled into the precursor
structure, the side-chain hydroxyl group interacts with

498 Protein Science, vol. 17

His862 by a hydrogen bond and is also positioned 3.4 A
from the carbonyl carbon of Phe863, the target of the
nucleophilic attack to initiate an N-O acyl shift. Although
the distance is not ideal for the nucleophilic attack, it is
possible that in the actual wild-type precursor a dynamic
motion of the side chain could bring the nucleophile to an
optimal distance and geometry for the attack.

In addition, several other conserved residues are also
positioned around the autocatalytic sites to play various
roles during the autocleavage. The imidazole ring of the
highly conserved His862 is stabilized by a hydrogen bond
to the side-chain oxygen of Ser861 (2.9 A). Moreover,
when Ser864 was modeled into the precursor structure
with the most favored side-chain rotamer, it is properly
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positioned to form a 2.4 A hydrogen bond with the side
chain of His862. This peculiar structure is apparently
stabilized by anchoring the side chain of the conserved
Phe863 into a deep hydrophobic pocket (Fig. 3C), thus
exposing the imidazole ring of His862 to act as the
general base for activation at the nucleophile on Ser864.
Side-chain nitrogen of the conserved Lys791 forms a
26 A hydrogen bond with the carbonyl oxygen of Phe863.
In addition, side chain of the conserved Asn799 forms a
29 A hydrogen bond with the main-chain nitrogen of
Phe863, and makes another hydrogen bonding (3.2 A apart)
to the carbonyl oxygen of Phe863. Thus both Lys791 and
Asn799 are positioned to serve as the oxyanion hole
to stabilize the negatively charged reaction intermediate
(see proposed mechanism below).

Our high-resolution data provide further structural ex-
planations for previous mutagenesis results. Single muta-
tions with non-hydroxyl- or non-thiol-containing side
chains at Ser864 completely abolish the autocleavage
activity (Rosenblum and Blobel 1999). Similarly, point
mutations at His862 also substantially reduce the level
of autoproteolysis (Rosenblum and Blobel 1999; Hodel
et al. 2002). Importantly, a F863W mutant does not affect
much the autoproteolysis activity, while F863V or F§63M
mutants retain partial autoproteolysis activity. However,
when Phe863 was mutated to amino acids with hydrophilic
side chains, such as histidine, arginine, and glutamine, the
autoproteolysis activity is completely destroyed. These results
support the notion that tight fitting of a large hydrophobic
side chain into the deep hydrophobic pocket (Fig. 3C) is
critical to maintain the constrained scissile peptide bond
for the Nup98 autoproteolysis. Further, single mutations at
Lys791 or Asn799 also resulted in uncleaved precursors
(Hodel et al. 2002), consistent with their role as the oxyanion
hole in stabilizing the autoproteolysis intermediate.

Conformational rearrangements after autocleavage

Although autocleavage did not result in a dramatic
conformational change, there were significant structural
movements at the autocatalytic site (Fig. 3D). First, after
autocleavage, the hydrogen bond between the side chains
of Ser 861 and His862 was lost. This resulted in a 120°
rotation at Ser861°s x1 angle, away from the side chain of
His862. In addition, break of the scissile peptide bond
also causes the side chain of His862 to lose another
hydrogen bond with Ser864. These movements, however,
allow formation of a new hydrogen bond: between the
carbonyl oxygen of Ser861 and the main-chain nitrogen
of Lys801 (2.6 A). Furthermore, despite the stability of
the overall structure, significant movement is observed at
residues 861-863. The C,’s move away from the auto-
cleavage site by 0.61, 0.95, and 0.88 A for Ser861,
His862, and Phe863, respectively (Fig. 3D), while the

RMSD of the residues around the active site is only 0.2 A.
These changes in hydrogen bond interactions and main-
chain shifts allow the side chain of His862 to tilt about
21° around the main-chain direction, resulting in move-
ment in excess of 2 A for the imidazole ring. Moreover,
after cleavage, the aromatic side chain of Phe863 inserts
deeper (by about 0.4 A) into the hydrophobic pocket.

Association of the C-terminal tail after autocleavage

In agreement with the proposal of Hodel et al. (2002),
our data show that the C-terminal tail remained asso-
ciated with the N-terminal domain after autocleavage.
In the wild-type structure, the autocleaved C-terminal tail
is visible and remained associated with the Nup98-N
domain (Fig. 4A). However, a relatively weak electron
density of the tail also suggests a weak association
between the Nup98-N domain and the autocleaved tail.
The electron-density maps of the wild-type structure only
allowed us to build three residues with confidence for
the C-terminal tail (out of a total of seven residues
followed by a 6-His tag). In our wild-type autocleaved
model, only Tyr866, Gly867, and Leu868 are included,
whereas Ser864, Lys865, Asn869, and Asp870 appear to
be disordered. Comparison of the S864A precursor and
the wild-type structures indicates that the interactions of
these three residues with neighboring residues are very
similar before and after autoproteolysis. In the S864A
precursor structure, the portion corresponding to the C-
terminal tail forms the strand 89 which runs antiparallel
with strand B5 (residues 780-784) and makes numerous
contacts with neighboring residues (Fig. 4B). The three
residues, Tyr866, Gly867, and Leu868, assume most of
the interactions with the Nup98-N domain and thus form
the most stable segment of the strand (39. These inter-
actions also appear to correlate well with the backbone
stability of the C-terminal tail after autocleavage. In
the wild-type autocleaved structure, these three residues
remain bound to the N-terminal domain, whereas the rest
of C-terminal tail becomes disordered. There are several
hydrogen bonds formed between these three residues and
the Nup98-N domain, including the ones connecting the
main-chain nitrogen of Tyr866 with the carbonyl oxygen
of Val782 (3.2 A), the hydroxyl oxygen of Tyr866 with
carbonyl oxygen of His862 (2.5 A), the carbonyl oxygen
of Tyr866 with the main-chain nitrogen of Val782 (3.0 A),
the main-chain nitrogen and the carbonyl oxygen of
Gly867 with the side chain of GIn842 (3.1 A and 2.9 A,
respectively), and the main-chain nitrogen of Leu868
with the carbonyl oxygen of Lys780 (2.7 A). In addition,
the hydrophobic side chain of Leu868 is buried in a
bipolar pocket, one side of which is built by hydrophobic
side chains and the other side is built by hydrophilic
side chains. On the other hand, in the precursor structure,
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B9
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Figure 4. Structural details of the interactions between Nup98-N and the
C-terminal tail. (A) Binding of the C-terminal tail to a cleft on the Nup98-
N domain. Figure was generated based on the wild-type autocleaved
structure. The solvent-accessible surfaces of the Nup98-N domain are
colored according to electrostatic potential (blue, positively charged; red,
negatively charged; and white, uncharged). Indicated areas are the charged
surfaces contributed by the carboxylate terminus of Nup98-N domain
(labeled F863-CO, ) and by residues Lys791, Glu781, and Lys780. The
structure of the C-terminal tail is displayed with a ball-and-stick model,
using the stable fragment (residues Tyr866-Leu868) from the wild-type
structure, whereas the disordered sections (a.a. 864-865 and 869-870) are
modeled with the help of the corresponding sections from the precursor
structure). The C-terminal tail is colored by atom types: nitrogens in blue,
oxygens in red, and carbons in yellow and green for the stable and
disordered sections, respectively. The figure was produced by MOLMOL
(Koradi et al. 1996). (B) Associations between the C-terminal tail and the
Nup98-N domain. The well-ordered section of C-terminal tail (residues
Tyr866, Gly867, and Leu868) corresponds to the last strand, 9, in the
precursor structure, which forms an antiparallel sheet with strand 5
(residues 780-784) through backbone hydrogen-bond interactions (dis-
tances in A are indicated). In addition, Gly867 also interacts with the side
chain of GIn842. Thus these three residues remain stable after autocleav-
age. Figure was produced with the S864A precursor model with PyMOL.

the other four residues on the C-tail, Ser864, Lys865,
GIn869, and Asp870, only make hydrogen-bond contacts
with water molecules, with one exception of the hydrogen
bond between the nucleophile at Ser864 and the base at
His862. After cleavage at the scissile peptide bond, these
residues become disordered and thus no electron densities
were observed. Importantly, sequence alignments indicate

500 Protein Science, vol. 17

that the three residues 866-868 are highly conserved
among all Nup98 autoproteolytic homologs (Fig. 5): The
position of Tyr866 is always filled by a large hydrophobic
residue, such as Tyr or Trp, and the other two residues,
Gly867 and Leu868, are invariant in all known homologs.
Conservation of these three residues is likely to preserve
the critical function of associating the Nup98-N domain
with the C-terminal tail or Nup96 for NPC targeting. At
the same time, the disordered features for the rest of the
C-tail also suggest that it could readily dissociate from
the N-terminal domain, such that the binding site for the
tail is opened for Nup96 binding. Since the N-terminal
sequence of Nup96 (the first 50 residues), which is auto-
processed from the 190-kDa polyprotein, has the identical
sequence as the Nup98 C-terminal tail, specific yet dy-
namic binding of Nup96 onto Nup98-N domain are most
likely through the same binding residues Tyr866—Leu868.

Discussion

In this report, we provide high-resolution structures to
examine the autoproteolysis mechanism of Nup98. Sim-
ilar to other Ntn enzymes, there are no dramatic confor-
mational changes as the result of autocleavage. However,
autocleavage does produce local conformational rearrange-
ments near the cleavage site, which are required for NPC
targeting of Nup98 and Nup96. Here, we compare the
mechanistic similarities and differences of autoproteolysis
between Nup98 and other autoprocessing proteins.

Autoproteolytic mechanism

Structural constraints near the scissile peptide bond are
essential for autoproteolysis to break the peptide linkage

Protein
Human Nup
Rat Nup
Worm Nup
Yeast Nup

Human PIDD-1
Human PIDD-2

N-terminal fragment ~ C-terminal fragment

Human GA
Bovine GA
Mouse GA
Insect GA
Bacterial GA

Human Taspase 1
Mouse Taspase 1
Mosquito Taspase 1
Fly Taspase 1

Figure 5. Amino acid sequence alignments at the autoproteolytic sites of
Nups, GAs, and related proteins. Amino acid sequences are from Saarela
et al. (1998), Rosenblum and Blobel (1999), Hsieh et al. (2003), and Tinel
et al. (2007). Residues directly involved in catalysis are shown in red.
Other conserved residues within subfamilies of homologs are shown in green.
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through an N-O or N-S acyl shift and an ester inter-
mediate (Xu et al. 1999). However, it is worth noting
that in aspartate decarboxylase, no conformational strain
was found at the scissile peptide bond linking a glycine
and the nucleophilic serine (Schmitzberger et al. 2003).
In the latter case, the oxyanion hole appears to play the
dominant role in facilitating the autoprocessing event. For
other cases, almost all of the constrained scissile peptide
bonds were found to be in distorted trans conformations,
with one exception of a cis conformation in the GyrA
intein (Klabunde et al. 1998). Here we report another
example of Nup98 adopting a cis-peptide bond at the
autoprocessing site. All these distorted trans or cis con-
formations at the scissile peptide bonds would have
higher energy than regular trans bonds and therefore
would drive the equilibrium of an N-O acyl shift toward
ester bond formation to break the peptide linkage. As we
have previously argued (Xu et al. 1999), since the peptide
bond is naturally synthesized in the frans conformation,
the fact that the cis bond is found in crystal structures
indicates that it is favored over a frans bond, presumably
distorted, at such location. Interestingly, both structures
with a cis-peptide bond at the autocatalytic sites have a sub-
stitution of alanine at the defective scissile peptide bonds.
It thus remains a possibility that the relatively small side
chain of alanine at these two autocatalytic-deficient mu-
tants might have allowed the distorted backbone to convert
from a naturally strained frans bond to the observed cis bond,
in order to minimize the energetically unfavorable geometry
at these locations.

The proposed autoproteolytic mechanism of Nup98
is similar to that of GA through an N-O acyl shift
with the side chain of Ser864 acting as the nucleophile
(Rosenblum and Blobel 1999). Sequence alignments at
the autocleavage sites are shown in Figure 5 for GAs and
Nups. Interestingly, the only identical residue across GA
and Nup is a histidine positioned two residues N-terminal
from the nucleophilic side chain. This conserved histidine
was initially proposed to act as the base in GA, through a
mechanism similar to serine proteases. Nonetheless, both
structural and mutational studies have later shown that
this conserved histidine plays only a structural role to
stabilize the backbone distortion in GA but is not in a
position to act as the base (Guan et al. 1998). Instead, the
conserved aspartic acid at the N-terminal side of the
scissile peptide bond (colored red in Fig. 5) is the base for
GA to activate the nucleophile, as well as holding the
backbone distortion required to trigger autoproteolysis
(Qian et al. 2003). Interestingly, a conserved phenyl-
alanine is found in Nup98 at the corresponding position
of the general base for GA autoproteolysis. Furthermore,
neither the conserved residues (colored green in Fig. 5)
near the cleavage sites nor the pattern of conservation are
similar between GA and Nup. Apparently, the observed

differences in sequence requirements would originate
from differences in their precursor structures. Based on
the present structural analysis, we found that the two
residues immediately N-terminal to the scissile peptides
bonds of Nup98 and GA have switched their roles in
autoproteolysis. For GA precursor, the general base is
provided by the aspartate at the P, position (Aspl51),
whereas this functional group was carried by the histidine
at the P, position of Nup98 precursor (His862). Mean-
while, both the P, histidine of GA (His150) and the P,
phenylalanine of Nup98 (Phe863) provide the structural
anchors to maintain the distorted backbone conformation,
by fitting their side chains into complementary pockets.
Even though neither the conserved residues near the
cleavage sites, nor the patterns of conservation are similar
between GA and Nup, these two autoprocessing proteins
apply a similar strategy to break up the scissile bonds.
Based on the high-resolution structures of the autopro-
teolytic domain, we propose the detailed mechanism of
Nup98 autoproteolysis through an N-O acyl shift. To this
end, we have modeled a wild-type precursor structure by
changing the Ala864 in the S864A structure to a serine with
the most-favored side-chain rotamer. The three key ele-
ments of the proteolytic process are the nucleophile, the
base, and the oxyanion hole. Based on the wild-type pre-
cursor model, we propose that His862 acts as the general
base, Ser864 as the nucleophile, and Lys791 together with
Asn799 serve as the oxyanion hole. His862 polarizes the
hydroxyl oxygen of Ser864 to enhance its nucleophilicity
through a hydrogen bond contact (Fig. 6A), thereby acti-
vating the nucleophilic attack. This critical polarization is
made possible by Phe863, whose aromatic side chain is
buried in a deep hydrophobic pocket, thus placing the side
chain of His862 in an appropriate geometry to act as the
base. In addition, the side chain of Tyr866 also appears to
constrain the scissile backbone via a hydrogen bond to the
main-chain carbonyl oxygen of His862 (Fig. 4B). Nucleo-
philic attack of the hydroxyl oxygen of Ser864 at the
carbonyl carbon of Phe863 would result in a tetrahedral
intermediate with a negatively charged carbonyl oxygen
stabilized by an oxyanion hole. This oxyanion hole is
formed by the positively charged side chain of Lys791, and
the side chain of the conserved Asn799. Collapse of the
tetrahedral intermediate results in an N-O acyl shift, that
changes linkage from an amide to an ester bond (Fig. 6B).
Finally, a nearby water molecule nucleophilically attacks
the same carbonyl carbon at Phe863 to form another
tetrahedral intermediate, which later collapses to produce
the autocleaved Nup98 (Fig. 6C). This second tetrahedral
intermediate is likely to be stabilized by the same oxyanion
hole as the first intermediate. According to current high-
resolution structures, water W97 is a potential candidate
for the second nucleophilic attack to hydrolyze the ester
linkage. Although in the precursor structure this water is
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3.7 A away from the carbonyl carbon of Phe863, confor-
mational rearrangements during the N—O acyl shift could
bring this water molecule to an optimal position for the
second nucleophilic attack.

Minimal C-terminal tail required to support
the Nup98 autoproteolysis

For different autoproteolytic proteins, the fragment
length requirement on either side of the scissile peptide
bond varies substantially. The smallest autoproteolyti-
cally active domain of Nup98 previously reported con-
tains 149 residues upstream to the cleavage site and only
10 residues C-terminal of the scissile peptide bond
(Rosenblum and Blobel 1999). However, GA requires
almost the entire sequence to maintain its autoproteolysis
activity, likely due to its unique three-dimensional struc-
ture of an interwoven af3fa sandwich (Guo et al. 1998;
Xu et al. 1999; Oinonen and Rouvinen 2000). Natural
deletions from the GA C terminus found in aspartylglu-
cosaminuria (AGU) patients results from loss of the
autoproteolytic activity. An AGU-causing mutation of
an American patient results in premature termination of
translation, with the expected mutant GA shortened by
28 amino acids at the C-terminal end (Ikonen et al. 1991).
Another AGU patient was found to carry a C-terminal
deletion of 84 amino acids in GA (Park et al. 1996). The
latter truncated GA contains complete sequence (205
amino acids) upstream of the autocleavage site, and 57
of the complete 141 amino acids downstream of the auto-
cleavage site. When it was expressed in COS-1 cells, this
C-terminally deleted protein remained as a single-chain
precursor form, suggesting a loss of the autoproteolytic
activity. These observations indicate that GA is vulnerable
to deletion, likely to be caused by misfolding of deleted
mutants. To the contrary, a PI-Scel truncated precursor
containing 10- and four-residue extensions at the N- and C-
terminal sides of the scissile peptide bond, respectively, was
able to capture the intein in distorted trans conformations
(Poland et al. 2000). However, to block protein splicing for
crystallization, two critical residues were mutated to
alanines in that truncated PI-Scel precursor. It is thus
unclear whether such a minimal PI-Scel precursor without
mutation is fully active in the N-S acyl shift and splicing.

In this report, we have further shortened the C-terminal
fragment of Nup98 autoproteolytic domain to contain
only seven residues downstream of the autocleavage site,
three amino acids shorter than the previously published
minimal sequence (Rosenblum and Blobel 1999). Bio-
chemical and structural analyses demonstrate that this
further minimized domain still retains native-like auto-
proteolytic activity (Figs. 1, 3). Furthermore, only three
residues, Tyr866 to Leu868, in the C-terminal tail make
substantial contacts with the N-terminal domain. It thus
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appears that a C-terminal tail containing only five resi-
dues (Ser864 to Leu868) might be sufficient to hold the
structural constraints necessary for the Nup98 autoproteolysis.

Nup98 as the founder of a new subtype
of autoprocessing proteins

Intein-independent protein autoprocessing was first dis-
covered in prokaryotes. Now there is emerging evidence
that these reactions also occur in several eukaryotic and
human proteins. These include human GA involved in dis-
ease AGU (Guan et al. 1998), proteasomes in protein/antigen
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processing (Seemuller et al. 1996), y-glutamyltranspepti-
dase in glutathione metabolism (Suzuki and Kumagai
2002), Taspasel in MLL regulation (Hsieh et al. 2003),
PCSK9 involved in hypercholesterolemia (Benjannet
et al. 2004), and G protein-coupled receptor in cell signal-
ing (Lin et al. 2004), as well as the maturation of viral
proteins (McCann III et al. 1994; Zlotnick et al. 1994; Wu
et al. 1998). Furthermore, autoprocessing has also re-
cently been found in Clostridium difficile toxins (Reineke
et al. 2007).

Nup98 represents a new subtype of autoprocessing
proteins. Previously four subtypes of autoprocessing
proteins have been described: intein, hedgehog, pyruvoyl
enzymes, and Ntn hydrolases. To resolve the ester linkage
during autoprocessing, a second nucleophilic attack is
made by a cis- (intramolecular) side chain, a cholesterol
molecule, or by a B-elimination for intein, hedgehog, and
pyruvoyl enzyme, respectively. Since Nup98 uses a water
molecule for the second nucleophilic attack to finish the
autocleavage of the peptide backbone, its autoproteolysis
most closely resembles that of Ntn hydrolases. However,
significant differences exist between the autoprocessings
of Nup98 and the well-studied GA, an Ntn member. In
GA precursor, the residue immediately N-terminal to
the scissile peptide bond, Aspl51, acts as the general

Figure 6. Proposed autoproteolysis mechanism of Nup98. The nucleo-
philic Ser864 and the general base His862 are shown in red and blue,
respectively. The side chain of Phe863 is buried in a conserved hydro-
phobic pocket (shown as an orange ellipse) to hold the strained scissile
peptide bond between Phe863 and Ser864. Nucleophilic attacks are
indicated by green curved arrows, and the electron-pair transfers are
indicated by red curved arrows. Dashed lines indicate hydrogen bonds.
Two bound water molecules near the autocleavage center are displayed in
small ellipses (labeled as W73 and W97). The three key elements involved
in the autoproteolysis are the nucleophile (the side-chain hydroxyl group
of Ser864 for the first nucleophilic attack, and possibly water W97 for the
second nucleophilic attack), the oxyanion hole (the positively charged side
chain of Lys791, indicated by the cyan ellipse, and possible contribution
from the side chain of Asn799), and the general base (side chain of His 862
for the first step). (A) Side chain of Phe863 is anchored into a conserved
hydrophobic pocket to maintain the critical structural constraints at the
scissile peptide bond and also positions the side chain of His862 to act as
the general base and to deprotonate the hydroxyl group of Ser 864 for the
first nucleophilic attack. Such a nucleophilic attack at the carbonyl carbon
of Phe863 results in a negatively charged tetrahedral transition state, that is
stabilized by the oxyanion hole formed by the side chain of Lys791 and
possibly the side chain of Asn799. Subsequent collapse of this tetrahedral
intermediate results in an N-O acyl arrangement, forming an ester
intermediate. (B) The ester intermediate is further hydrolyzed to break
the linkage. A bound water molecule (W97) is the likely candidate to make
the second nucleophilic attack at the same carbonyl carbon of Phe863,
forming the second tetrahedral transition state that is also stabilized by the
same oxyanion hole as the first step. Collapse of this second tetrahedral
transition state breaks the ester bond and results in the autoproteolyzed
Nup98 protein. (C) The autoproteolyzed (mature) form of Nup98, in which
the peptide bond between Phe863 and Ser864 is broken, caused conforma-
tional changes around the autocatalytic center (see text for details).

base to deprotonate Thr152, whereas the residue further
upstream, His150, acts as a structural anchor to maintain
the critical distorted geometry at the scissile peptide bond.
In contrast, Nup98 uses the residue next to the scissile
peptide bond, Phe863, as the structural anchor, but uses the
penultimate residue of Nup98-N, His862, as the general
base to activate the nucleophilic Ser864. Further, GA
autoproteolysis results in conformational rearrangements
to open up a substrate site with the newly generated
N-terminal threonine (Thr152) as the catalytic residue
(Wang and Guo 2007). To the contrary, no enzymatic ac-
tivities have been detected for the autocleaved Nup98 or
Nup96. Thus Nup98 autoproteolysis appears to be mainly
involved in separating the linkage between Nup98-N and
Nup98-C tail or Nup96. Nonetheless, such a cleavage
is necessary for correct translocations of Nup98 and
Nup96, so that they could take different biogenesis path-
ways for distinct functions. Recently, autocleavage has also
been found to be essential in translocations of PIDD (p53-
induced protein with a death domain) (Tinel et al. 2007).
Sequence alignments also indicate that Nup98 and PIDD
have closely related autocleavage sites that are distinct
from the GA/Taspasel subtype (Fig. 5). Thus it appears that
Nup98 represents a new subtype of autoprocessing proteins
that utilize backbone autocleavage to control cellular trans-
locations and signalings.

Materials and Methods

Cloning of C-terminal domain of Nup98

To create the autoproteolytic domains for crystallographic
study, various lengths of the Nup98 C-terminal domain with
the wild-type sequences or an autoproteolysis-deficient muta-
tion (S864A) were subcloned into the pET-21a vector (Nova-
gen), followed with a hexahistidine (6-His) tag to facilitate
protein purification. The constructs were flanked by Ndel
and Xhol restriction sites, and were inserted into the pET-21a
vector. In the recombinant constructs, the Ndel site at the 5’ end
provided an ATG start codon to initiate the expression, whereas
two stop codons were added to the 3’ end of the cloned se-
quences. The final sequences of the constructs were confirmed
by primer-extended sequencings.

Protein expression and purification

Wild-type and S864A precursor proteins were expressed
in bacterial BL21 (Gold) cells for 3 h at 37°C or 23°C, and
by induction with 0.1 mM IPTG at mid-log growth phase.
Selenomethionine-labeled proteins were expressed in the same
cell line in M9 media supplemented with 100 mg/L of lysine,
phenylalanine, threonine, 50 mg/L of isoleucine, leucine, valine,
and 60 mg/L of L-selenomethionine added 15 min before IPTG
induction at 23°C for 5 h. To release the target proteins, cell
walls of harvested bacteria were broken by incubation with
lysozyme and DNAse I followed by sonication and then clarified
by high-speed centrifugation. The proteins were then purified by
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nickel chelating affinity purification, followed by a gel filtration
column (Amersham Pharmacia, Sephacryl S-200 HR column)
in 10 mM Tris, 10 mM NaCl, pH 7.5. For selenomethionine-
labeled proteins, 10 mM dithiothreitol (DTT) was included in
the entire purification process to prevent oxidation. All of the
purified native and selenomethionine-labeled proteins were
concentrated to 5-8 mg/mL for crystallization.

Crystallization and diffraction data collection

All crystals were grown by a vapor diffusion method in
hanging-drops at 23°C. Hampton Crystal Screen Kits I and II
were used for initial crystallization screens. The best diffracting
crystals of wild-type domain belong to the space group P3,21
(a=b=903A,c=97.6A,a=p=90°vy=120°), which was
grown at 23°C above a well solution containing 0.1 M Tris
(pH 8.1), 0.2 M magnesium acetate, and 22% PEG 8000.
Macroseeding was used to improve crystal quality. Crystals of
the S864A precursor grew at 23°C against a well solution
containing 0.1 M sodium citrate (pH 4.6) and 4.5 M sodium
formate, and belong to the space group P4,2,2 (a = b = 69.7 A,
¢ = 91.0 A). All of the selenomethionine-labeled crystals were
obtained under the same condition as the native crystals.

Data for all the native and SeMet-labeled crystals were
collected at the National Synchrotron Light Source (NSLS)
beamline X12C, Brookhaven National Laboratory. The flash-
freezing method was used during data collection. Before freez-
ing, crystals were soaked in the well solution supplemented
with 20% glycerol. Three-wavelength MAD experiments were
performed using SeMet-labeled crystals to provide phases for
both the wild-type protein and the precursor. Data were pro-
cessed using the program HKL (Otwinowski and Minor 1997)
and were converted to structure factors using TRUNCATE
from the CCP4 suite.

Structure determination and refinement

To avoid model bias, the experimental phases were calculated
from data of SeMet MAD experiments. Parameters of selenium
sites found were refined and the phases were calculated at 3.3 A
for the wild-type and 2.7 A for the S864A precursor structures.
An overall FOM (figure of merit) of 0.49 and a Z score of 10.9
were obtained for the wild-type structure, whereas an overall
FOM of 0.52 and a Z score of 63.6 were found for the precursor
structure. The first electron-density map was calculated using
the experimental phases. There is one molecule in an asym-
metric unit of the S864A precursor crystal, and two molecules in
an asymmetric unit of the wild-type crystals. After density
modification (including a noncrystallographic-symmetry aver-
aging for the wild-type crystals), clear electron-density maps
were obtained. Later in model building, a combination of the
experimental and calculated phases was used to further improve
the structures. After a few rounds of model rebuilding, stepwise
resolution extension, and automated refinement using CNS
(Brunger et al. 1998), the wild-type structure was determined
at 2.3 A resolution. One monomer (A) in the final wild-type
model covers 155 out of 159 residues (missing residues 864,
865, 869, and 870), and the side chains of nine residues (D731,
E739, K740, K753, E761, K814, K841, Q845, and Y866) were
disordered. The second monomer (B) of the wild-type model
covers 151 out of 159 residues (missing residues 787-790, 864,
865, 869, and 870), with no density for the side chains of four
residues (E739, S746, K814, and Y866). The final precursor
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model has 151 out of 155 residues built (missing residues 787—
790), and the side chains of three residues (E796, K814, and
Q869) were disordered. The statistics of the final structures are
shown in Table 2.

Accession numbers

Atomic coordinates and structure-factor amplitudes have been
deposited in the Protein Data Bank under the accession codes
2Q5Y and 2Q5X for the wild-type and the S864A mutant,
respectively.
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