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Abstract: Fas-associated factor (FAF)-1 is a multidomain protein that was first identified as a
member of the Fas death-inducing signaling complex, but later found to be involved in various
biological processes. Although the exact mechanisms are not clear, FAF1 seems to play an
important role in cancer, asbestos-induced mesotheliomas, and Parkinson’s disease. It interacts
with polyubiquitinated proteins, Hsp70, and p97/VCP (valosin-containing protein), in addition to the
proteins of the Fas-signaling pathway. We have determined the crystal structure of the ubiquitin-
associated domain of human FAF1 (hFAF1-UBA) and examined its interaction with ubiquitin and
ubiquitin-like proteins using nuclear magnetic resonance. hFAF1-UBA revealed a canonical three-
helical bundle that selectively binds to mono- and di-ubiquitin (Lys48-linked), but not to SUMO-1
(small ubiquitin-related modifier 1) or NEDD8 (neural precursor cell expressed, developmentally
down-regulated 8). The interaction between hFAF1-UBA and di-ubiquitin involves hydrophobic
interaction accompanied by a transition in the di-ubiquitin conformation. These results provide
structural insight into the mechanism of polyubiquitin recognition by hFAF1-UBA.
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Introduction

Fas-associated factor (FAF)-1 is a 74-kDa novel protein
that has multiubiquitin-related domains, which was
initially identified as a Fas-associated factor in mice."
FAF1 is evolutionarily conserved, and in humans it is
expressed abundantly in the testes, and slightly less in
skeletal muscle and the heart.> It is also highly
expressed in the developing telencephalon with
dynamic expression patterns at different embryonic
stages, although it progressively becomes confined
within limited regions.?

FAF1 was initially identified as a member of the
Fas death-inducing signaling complex,“*> but the data
accumulated thus far suggest that it is involved in vari-
ous other biological processes. It acts as a suppressor
of NF-«B activity by interfering with nuclear transloca-
tion of the RelA subunit of NF-kB.° Inhibition of NF-
kB was also observed in Drosophila’ by caspar, a fly
homolog of hFAF1. In Drosophila, caspar was shown
to negatively regulate the immune deficiency-mediated
immune response by blocking nuclear translocation of
NF-«B. FAF1 is reported to be an inhibitor of IxB ki-
nase activation.® The phosphorylated FAF1 is reported
to mediate the ubiquitin-independent, proteasome-de-
pendent degradation of Aurora-A,° and most recently
as a key component of the TNF-o/NF-xB signaling
node that has been independently implicated in asbes-
tos-induced oncogenesis through Arf inactivation.*®

In addition to being a member of the Fas death-
inducing signaling complex, FAF1 reportedly interacts
with a number of other proteins. For example, the N-
terminal ubiquitin-associated domain of human FAF1
(hFAF1-UBA) is associated with polyubiquitinated pro-
teins in a linkage-specific manner and not to monou-
biquitin," whereas the UBL1 (ubiquitin-like protein)
binds tightly to the N-terminal region of the 70-kDa
heat shock protein family, Hsp70/Hsc7y0, regardless of
ATP and heat shock treatment.'”” In addition, the C-
terminal UBX domain binds the 97kDa valosin-con-
taining protein, a mutiubiquitin chain-targeting factor
used in degradation via the ubiquitin-proteasome
pathway." These findings suggest that FAF1 may serve
as a scaffolding protein that regulates protein degrada-
tion in the ubiquitin-proteasome pathway.

It is of great interest how one molecule can partic-
ipate in so many different interactions. As a first step
toward understanding this, we have crystallized
hFAF1-UBA and analyzed its interactions with ubiqui-
tin and ubiquitin-like proteins using nuclear magnetic
resonance (NMR) spectroscopy. The UBA, first identi-
fied by sequence database analysis,”® is a commonly
occurring ubiquitin-recognition motif that has found
in more than 100 human proteins thus far."4">' It is
involved in a wide range of biological activities in sig-
naling pathways including the mediation of cell cycle
control, activation of DNA repair mechanisms, and
proteasomal degradation.’#™*® However, the mecha-
nism of ubiquitin recognition, especially linkage speci-
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ficity, is still unknown, although some evidence is
being accumulated on the recognition of Lys48-linked
di-Ub by Mud1-UBA domains” and hHR23A-UBA. &4
The three-dimensional solution structure determined
by NMR spectroscopy revealed a three-helical
bundle.’5*872

Results and Discussion

The crystal structure of hFAF1-UBA was determined at
1.73 A resolution, and its interaction with mono- and
Lys48-linked di-ubiquitin (denoted as mono-Ub and
di-Ub, respectively, hereafter), and SUMO-1 and
NEDD8 were examined by using 'H-">N labeled
hFAF1-UBA. Furthermore, the binding affinities of the
hFAF1-UBA to mono-Ub and di-Ub were measured
using NMR and isothermal titration calorimetry (ITC)
and the binding surfaces were identified using NMR
spectroscopy.

The crystal structure of the hFAF1-UBA

The crystal structure of the UBA domain of hFAF1
(residues 5—47), referred to as hFAF1-UBA (residues
5—47), was solved at 1.73 A resolution. The structure
reveals a canonical UBA-fold consisting of a three-heli-
cal bundle (o1, 02, and «3) as shown in Figure 1(A).
The o1 helix spans residues Argy to Thri8, and o2
spans Ile23 through Asn33, while the a3 consists of
Leus7 to Valgq. The three helices are tightly packed
with a well-defined hydrophobic core that includes
Phei14 and Ile20 of a1; Ala26, Leu29, and Leu3o of a2;
and Alago and Val 44 of a3 [Fig. 1(B)]. The overall
structure is quite similar to other UBA domains that
have been described thus far, despite the fact that the
extent of sequence identities is relatively poor [Fig.
1(C)]. The sequence identity for UBXD8 (PDB entry
2DAM) and p47°* (PDB entry 1V92) are about 38%,
whereas others share less than 25%. The root mean
square deviations in the backbone range from 0.88 A
for 40 equivalent Co atoms in UBXDS8 to 2.2 A for 36
equivalent Co atoms in LATS2 (PDB entry 2COS).
These values are comparable with those reported for
other UBA structures.

Comparison with other UBA structures

As expected, hFAF1-UBA showed a compact three-he-
lix bundle. However, this domain shows some signifi-
cant differences with previously reported UBA
domains, the most prominent being the loop connect-
ing a1 and o2, which is formed by Cys17 through
Asn22 [Fig. 1(D)]. As seen in the figure, it differs from
that is seen in many of the previously reported UBA
structures, e.g. hHR23A-UBA" (PDB entry: 1IFY) and
Mud1-UBA" (PDB entry: 1Z96). In those structures,
this loop was noted as the “Met-Gly-Phe” motif,
because this region is one of the most conserved
stretches in UBA domains.'* ' However, in hFAF1-
UBA, it is replaced by four residues, namely Cys-Thr-
Gly-Ile, and this is conserved in all reported FAF1 [see
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Figure 1. Crystal structure of the hFAF1-UBA. (A) Ribbon representation of hFAF1-UBA. Three helices are labeled as a1, a2,
and o3. (B) Electron density (2F,—F. map contoured at 1.0c) of hFAF1-UBA core. The core of the structure is stabilized by
hydrophobic residues from all three helices. (C) Sequence alignment of UBA domains. The secondary structure of hFAF1-UBA
is indicated by the boxes above the alignment. Residues with more than 70% conservation are boxed. (D) Comparison of the
loop connecting a1 and «2. This corresponds to the “Met-Gly-Phe (MGF) motif” found in other UBA domains that has been
shown to be involved in ubiquitin binding. hFAF1 is shown in green whereas others are in p47 (1V92) in blue, UBXD8 (2DAM)

in cyan, hHR23A (11IFY) in yellow, and Mud1 (1Z96) in red. PDB codes are given in (3E21). (E) Electrostatic potential surface
representation of hFAF1-UBA shown at three different orientations.

Fig. 1(C)]. In addition, Met—Gly—Phe is replaced by
Val-Thr-Gly—-Ala in p47,>®> Ile-Thr-Gly-Ile in
UBXD7, and Leu—Thr—Gly-Ile in UBXDS8. It is inter-
esting to note the high occurrence of Thr in these non-
Met—Gly—Phe UBA domains. The side chain of Thr is
situated above Phe, which seems equally conserved. In
fact, sequence alignment of UBA domains of a subset
of UBX proteins, which were retrieved in a PSI-BLAST
search using the shpi (homologue of p47 in yeast)
UBA domain as query sequence, showed high conser-
vation of Thr as well as Phe.*® To examine the signifi-
cance of this insertion, we made a Thr deletion mutant
(referred to as hFAF1-UBA[1-81] (AT18) mutant) and
this will be discussed later. Nonetheless, the position
of the Gly residue remains the same in all cases. In
other words, one residue insertion in these UBAs
makes extra H-bonds, and therefore a slight extension
of the a1-helix [Fig. 1(D)].

Song et al.

The crystal structure reveals a hydrophobic sur-
face between the o1 and o3 helices formed by residues
Ile1o from o1, and Leu37 and Ile41 from the o3 helix
[Fig. 1(E) middle]. All of the structural studies of UBA
and mono-Ub complexes reported so far, e.g. Dsk2-
UBA,?° Ede1-UBA,** and EDD-UBA,* have identified
the hydrophobic patch formed by o1 and o3 of UBA
domain as the ubiquitin recognition site, although
there may be some variation in the details of the ori-
entation of the two. In all these, the residues of Ub
that are involved in UBA binding are Ile44, His68,
and Val7o. Therefore, it is likely that a similar binding
mode occurs between hFAF1-UBA and mono-Ub.

In addition to the canonical hydrophobic patch
between the o1 and o3 helices in hFAF1-UBA, there is
another hydrophobic patch that is formed between the
o1 and o2 helices. Leu11 of o1, Leu23 and Ile27 of a2,
and Trp3s5 form another hydrophobic patch [Fig. 1(E)
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Figure 2. NMR analysis of the interaction of the hFAF1-UBA [1-81] on binding to the ubiquitins and ubiquitin-like proteins.

(A) "H-"N HSQC spectrum of the hFAF1-UBA [1-81] with the backbone assignment. (B-D) Overlays of the 'H-">N HSQC
spectra of the hFAF1-UBA [1-81] in the absence and presence of unlabeled binding partner (B) mono-Ub, (C) di-Ub, (D)
SUMO-1, and (E) NEDDS. In all the spectra, the peaks representing the free form of the protein are shown in black. In (B), 0.2
mM hFAF1-UBA [1-81] with 0.1 and 1.2 mM mono-Ub were shown in magenta and blue, respectively. In (C), 0.2 mM hFAF1-
UBA [1-81] with 0.1 and 0.6 mM di-Ub were shown in magenta and blue, respectively., In (D), 0.5 mM hFAF1-UBA [1-81] with
0.5 mM SUMO-1 was shown in cyan. In (E), 0.5 mM hFAF1-UBA [1-81] with 0.5 mM NEDD8 shown in magenta.

right]. It is interesting to note that the side chains of
the negatively charged residues on o2 are facing the
same surface, thus forming a streak of negative surface
adjacent to the hydrophobic patch. In fact, the electro-
static surface of hFAF1-UBA is somewhat more acidic
than others reported thus far.

Binding of hFAF1-UBA to Ub and ubiqutin-like
proteins

To examine whether hFAF1-UBA binds ubiquitin and/
or other ubiquitin-like proteins, we have carried out

2268  PROTEINSCIENCE.ORG

NMR studies using the residues 1—81 of human FAF1,
hereafter referred to as hFAF1-UBA [1-81]. In all
NMR experiments, hFAF1-UBA [1-81] was used, as
opposed to hFAF1-UBA [5—47] used in -crystallo-
graphic studies, because all biological data reported
thus far uses residues 1—81 as the UBA domain. The
backbone assignment of hFAF1-UBA [1-81] was per-
formed using conventional triple-resonance experi-
ments and data analysis [Fig. 2(A)]. Chemical shift
perturbation (CSP) of 'H-">N HSQC spectra on titra-
tion with increasing amount of mono-Ub, SUMO-1,
and NEDD8 were measured and the results are shown

Structure and Interaction of hFAF1- UBA
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Figure 3. NMR analysis of the interaction of the hFAF1-UBA [1-81] with "®N mono- and di-Ub. Portions of "H-"N HSQC spectra
of ">N-mono-Ub (A) and '®N-di-Ub (B) in the presence of 2 equivalents of unlabeled the hFAF1-UBA [1-81] at 298 K. In (A), 0.2 mM
N-mono-Ub with 0.1 mM hFAF1-UBA (magenta) and 0.4 mM hFAF1-UBA (blue). In (B), 0.2 mM "°N di-Ub with 0.1 mM hFAF1-
UBA (magenta) and 0.4 mM hFAF1-UBA (blue). Plots of the chemical shift changes (A8 = [(AS'H)? + (A3"°N/5)?]?) for the selected
residues of ubiquitin on the addition of the hFAF1-UBA domain to the (C) mono-Ub and (D) di-Ub. The values of the dissociation
constants (Ky) derived from these analyses are 1.47 + 0.10 mM for mono-Ub and 0.10 + 0.01 mM for di-Ub, respectively.

in Figure 2(B, D, and E, respectively). Lys48-linked di-
Ub (referred to as di-Ub hereafter) was also tested
[Fig. 2(C)], because Lys48-linked and Lys63-free poly-
ubiquitin chains were mainly identified as a binding
partner of hFAF1-UBA when we analyzed the high mo-
lecular weight polyubiquitinated proteins interacting
with hFAF1 overexpressed in HEK293 cells using
nanoLC-ESI-q-TOF tandem MS (see Supporting Infor-
mation Fig. 1). However, small fraction (<10%) of pol-
yubiquitin chains binding to hFAF1-UBA domain
included the diverse-linked polyubiquitin chain con-
taining Lys63- and Lysii-linked ones (data not
shown).

As seen in Figure 2(B and C), certain residues of
hFAF1-UBA [1-81] show a CSP to mono- and di-Ub in
a dose-dependent manner, whereas there are no signif-
icant perturbations on addition of SUMO-1 or NEDDS,
thereby indicating that hFAF1-UBA [1-81] specifically
binds to mono- and di-Ub but not to SUMO-1 or
NEDDS8. On titration with increasing amounts of
mono-Ub, several resonances shifted to new positions
along with the concentration of mono-Ub, indicative

Song et al.

of a fast exchange on the chemical shift time scale
[Fig. 2(B)]. Slow exchanges are observed between free
and bound forms of 15N-hFAF-UBA with NMR signals
disappearing at the original position and appearing at
a new position [Fig. 2(C)].

The binding affinity of hFAF1-UBA to mono-

and di-Ub

We next determined the dissociation constants (Kg)
between hFAF1-UBA [1-81] and mono- and di-Ubs
using chemical shift titration and ITC. For mono-Ub, a
K4 of 1.47 + 0.10 mM was obtained from the chemical
shifts observed for Leu8, Ile13, Ileq4, and Valyo of
ubiquitin (Fig. 3), whereas the corresponding value
was 0.10 + 0.01 mM for di-Ub following the shifts for
Lys6, Thry, Ile44, and Leu73 of ubiquitin. However,
because the later can be erroneous due to the signal
broadening and disappearance during the titration, we
also measured it using ITC. A Ky value of 3.5 uM was
obtained for di-Ub with clear 1:1 binding between the
two (Fig. 4), whereas mono-Ub did not show
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Figure 4. ITC analysis of the interaction between the hFAF1-UBA and di-Ub. (A) Wild-type hFAF1-UBA [1-81] and (B) Thr
deletion mutant hFAF1-UBA [1-81] (AT18) with di-Ub. The dissociation constants (Ky) are 3.5 and 55 pM, respectively. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

significant binding on ITC. These results show that
hFAF1-UBA [1-81] clearly has higher affinity for inter-
action with di-Ub over mono-Ub. The preference of
hFAF1-UBA [1-81] for di-Ub is comparable with
Mudi1-UBA,"” which showed a Ky of 390 puM for
mono-Ub and 3 pM for Lys48-linked di-Ub, or
hHR23A-UBA," which showed a K3 of 400-500 pM
for mono-Ub and 7.7 uM for di-Ub. On the other
hand, the UBA domain of p62 binds mono-Ub with
higher affinity than di-Ub,** whereas that of UQ1/
PLIC-12° and Mex67%” showed similar affinities with
mono- and di-Ub. Thus, it can be suggested that the
two ubiquitin domains in the Lys48-linked di-Ub bind
to the UBA domain of hFAF1 cooperatively.

However, it is interesting to note that hFAF1-UBA
[1-81] (AT18) mutant has a K4 value of 55 pM [Fig.
4(B)] and this is more than a 10-fold reduction when
compared with wild type. This suggests that the con-
necting loop between o1 and o2 plays a role in poly-
Ub recognition and it is worthwhile mentioning that
this Thr residue is conserved in some UBA/UBX pro-
teins, e.g. p47, UBXD7, UBXDS8, and FAF1.

NMR mapping of hFAF1-UBA interaction with
mono- and di-Ub

We attempted to identify the residues of hFAF1-UBA
that are involved in binding using both CSP and cross-
saturation. Cross-saturation experiments were carried
out since the signal changes in CSP experiments can
be attributed not only to direct binding but also as an
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indirect consequence of structural rearrangement. We
also attempted mapping the residues of Ub and di-Ub
that are involved in binding using a CSP experiment
with labeled mono- and di-Ub.

First, in CSP experiments, the bulk of the strongly
perturbed residues (Ac > 0.1 ppm) was located in the
first and second helices and in the loop following the
first helix, whereas only a few residues in the third he-
lix were perturbed. In particular, Thri8 and Ile27 of
hFAF1-UBA [1-81] show a CSP greater than 0.2 ppm
on addition of mono-Ub at 1:6, whereas Phe14, Thri18,
Ile 23, and Ile27 of hFAF1-UBA [1—81] show a CSP
greater than 0.2 ppm on addition of di-Ub at 1:3 (Sup-
porting Information Fig. S2), suggesting that the simi-
lar surface of the hFAF1-UBA is perturbed on binding
to mono- and di-Ub.

Second, in cross-saturation experiments, when
unlableled mono-Ub was added to *H, '’N-hFAFi-
UBA[1-81], Metg Asn22, Glu2s, Asn34, and Val38
showed signal reductions of more than 10%, although
the reduction of peak intensities were relatively weak
(~10% reduction). Resonances showing intensity ratios
<0.9 are displayed on the molecular surface, and the
major binding surface is present on all three helices as
shown in Figure 5(A). Similarly, when cross-saturation
measurements were also carried out using unlabelled
di-Ub, the result showed more than 60% reduction in
peak intensities for the residues at the interface
between hFAF1-UBA [1-81] and di-Ub. This includes
the residues from all three helices of hFAF1-UBA,

Structure and Interaction of hFAF1- UBA



Proximal Ub

Distal Ub

Figure 5. Mapping of the residues involved in binding. (A-B) Mapping of the binding surfaces based on the cross-saturation
data of the "H "N cross-peaks in 2H, "®N-hFAF1-UBA [1-81] in complex with (A) mono-Ub and (B) di-Ub. Resonances
showing intensity ratios <0.9 (for mono-Ub) and <0.4 (for di-Ub) are displayed on the molecular surface of di-Ub in blue and
orange, respectively. (C-D) Mapping of the binding surfaces based on the CSP of the H —'°N cross-peaks in '>N-hFAF1-UBA
[1-81] in complex with (C) mono-Ub and (D) di-Ub. Residues are marked in blue (>0.2 ppm) and aquamarine (>0.1 ppm)
according to the chemical shift change on hFAF1-UBA [1-81] on the addition of mono-Ub (C) and in orange (>0.1 ppm) and
lightorange (>0.05 ppm) according to the chemical shift change on hFAF1-UBA [1-81] on the addition of di-Ub (D). (E-F)
Mapping of the molecular surfaces of Lys48-linked di-Ub involved in binding to the hFAF1-UBA [1-81], shown on (E) the
closed- and (F) opened conformation of di-Ub part of the complex. Residues that undergo CSP on binding hFAF1-UBA [1-81]
are colored in magenta (disappeared peaks) and yellow (A5 > 0.1 ppm peaks).

namely Met9 and Ile10o (o1); Asp24, Gluzs,Ala26, and
Glus1 (a2); Alagg, and Ile41 (a3) [see Fig. 5(B)].

When we compare the affected residues on the
surface of hFAF1-UBA by CSP and cross-saturation
data [Fig. 5(A—D)], they were similar to each other
overall. However, there are significant differences that
may be due to possible conformational changes of
hFAF1-UBA upon binding to mono- or di-Ub, resulting
in the additional perturbation of NMR signals. Also, a
part of the differences between CSP and cross-satura-
tion results can be attributed to the analysis of cross-
saturation data. Because the chemical shifts of the cys-
teine thiol groups are often near to those of the methyl
groups, irradiation of methyl signals may cause the
saturation of the thiol hydrogen atoms of free cysteine
residues, which may be transferred to the neighboring
amide protons. Thus, Glni4, and Thri8, which are
located in close proximity to Cys1y, were excluded
from the mapping.

To map the residues of Ub and di-Ub that are
involved in the interaction, we first carried out
assignment of di-Ub. We were able to assign the 17
residues from distal and proximal ubiquitin sepa-
rately in the 'H-"N HSQC spectrum of di-Ub and
they were Leu8, Leugq3, Phegs, Alag6, Gly47, Lys48,
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Glng9, Leuso, Glusi, Tyrs59, His68, Leuyi, Arg72,
Leu73, Arg74, Glyys, and Glyy6. The other 59 resi-
dues were overlapped and thus could not be assigned
separately (data will be published elsewhere). The
changes in both the 'H-'""N HSQC spectra of N
mono- and di-Ub were analyzed on titration with
unlabeled hFAF1-UBA [1-81] [see Fig. 3(A and B),
and Supporting Information Fig. S2]. The overall pat-
terns of signal changes of mono- and di-Ub were sim-
ilar to one another. The observed CSPs in di-Ub
occurred in and around the hydrophobic patch con-
sisting of Leu8, Ile44, Gly47, His 68, and Val70. The
signals from Leu8, Ile13, Gly47, Glng9, Leus0, Leu67,
His68, and Leu71 disappeared, whereas Thry, Thrig,
and Ileg4 showed a CSP (Ac) larger than 3.0 ppm.
The presence of significant signal attenuation in di-
Ub indicates intermediate or slow exchange on the
NMR chemical shift time scale. They are mapped on
both the “closed” and “open” structures of Lys48-
linked di-Ub as shown Figure 5(E and F, respec-
tively). The closed form is that of the crystal struc-
ture®® (PDB entry: 1AAR) and the open form refers to
the solution structure of di-Ub complexed with the C-
terminal UBA domain of hHR23A*® (PDB entry:
1Z06). The results show that the most perturbed
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residues are located at the Ub:Ub interface of the
closed state, which indicates that some conforma-
tional change of di-Ub affecting its Ub:Ub interface is
needed to bind to the UBA domain. Interestingly,
most di-Ub residues assigned separately between dis-
tal and proximal ubiquitins coincide with the Ub:Ub
interface. We suggest that, in the K48-linked di-Ub,
the ubiquitin molecules were in close contact with
each other, showing the different chemical shifts
between distal and proximal ubiquitins, and these
were affected by the interaction with hFAF1-UBA,
implicating the separation of two ubiquitin molecules
from one another.

These results suggest that the UBA binding event
is accompanied by a transition in the di-Ub conforma-
tion that opens the interface and makes the hydropho-
bic surfaces of the ubiquitin units available for interac-
tion with UBA, similar to the case between UBA2 of
hHR23A and di-Ub.*® The modeled structure of
hFAF1-UBA [5—47]:diUb complex based on the CSP
and cross-saturation data suggest that the hFAF1-UBA
domain is embraced by hydrophobic surfaces on both
ubiquitin domains, in a “Ub-UBA-Ub” sandwich-like
complex structure (see Supporting Information Fig.
S3). Residues from 48 to 81 do not show significant
binding and was not counted in this analysis (see Sup-
porting Information Fig. S2). However, the role of the
residues 48-81 as a linker between UBA domain and
UBLs in hFAF1 should be further studied.

Binding of hFAF1-UBA to poly-Ub in vivo

To confirm the effects of hydrophobic interaction of
the UBA domain on the binding with poly-Ub in vivo,
we examined the binding of polyubiquitinated proteins
with various hFAF1 mutants inside cells. HEK293T
cells were transfected with Flag-hFAF1 wild type and
various Flag-hFAF1 mutants, e.g. Glu21Ala, Thr28Asn,
Val38Asn, Ile41Asn, and Thri8 deletion, and the inter-
acting polyubiquitinated proteins to UBA of Flag-
hFAF1 were identified by immunoprecipitation using
specific antiflag and western blot analysis using antiu-
biquitin antibody. The results presented in Figure 6(A)
show that the binding of UBA mutants with poly-Ub is
significantly less when compared with wild-type UBA,
and the Ile41Asn mutant showed the least binding
with poly-Ub. It is also worthwhile mentioning that
the Thr18 deletion mutant shows a significant reduc-
tion in poly-Ub binding; as much as that of Ileg1Asn
mutant [Fig. 6(B)]. This is in agreement with the ear-
lier ITC data that showed more than a 10-fold
reduction in binding affinity compared with wild type
(Fig. 4).

Conclusion

The hFAF1-UBA domain adopts a canonical three-heli-
cal bundle that is similar to the previously reported
UBA domain. It specifically recognizes mono- and di-
Ub, and not SUMO-1 or NEDDS8. The Ky values
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Figure 6. Various mutants of hFAF1-UBA binds to
polyubiquitin chain in a different way in vivo HEK293T cells
transfected with various mutant Flag-hFAF1s; (A) Flag-
hFAF1 wild type, Glu21Ala, Thr28Asn, Val38Asn, and
lle41Asn. (B) Flag-hFAF1 wild type, AThr18 and lle41Asn,
were immunoprecipitated with antiFlag antibody and
binding polyubiqutinated proteins were detected with
antiubiquitin antibody.

between the hFAF1-UBA [1-81] and mono-Ub and di-
Ub are 1.47 + 0.10 mM and 3.5 pM, respectively, and
they are comparable with those observed for other
UBA domains. The analysis of the interaction between
the UBA and Lys48-linked di-Ub suggests a “sand-
wich-like” structure, with UBA in the middle. Site-
directed mutagenesis studies provided supporting evi-
dence of the importance of the hydrophobic residues
of the UBA domain for poly-Ub binding. These results
provide structural insight into the mechanism of poly-
Ub recognition by the hFAF1-UBA domain.

Materials and Methods

Cloning, protein expression, purification, and
sample preparation

For crystal structure, the UBA domain of hFAF1 (resi-
dues 5—47), referred to as hFAF1-UBA [5-47], was
cloned into a pGEX-4T-1 vector (GE Helathcare) and
expressed in Escherichia coli BL21 (DE3) in rich
Luria-Bertani medium as a fusion with N-terminal
GST (glutathione S-transferase) tag. GST fusion pro-
tein was purified by affinity chromatography using a
GST affinity column (GE Helathcare), and the tag was
removed by cleavage with thrombin. The cleaved pro-
tein was further purified using Superdex 75s column
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Table I. Data Collection and Refinement Statistics Values in Parentheses are for the Outer Most Resolution Shell

(1.73-1.70 A)

Wavelength (A)
Resolution range A
Space group

Unit cell parameters

Total/unique reflections
Completeness (last shell) (%)
Mean I/c(I) (last shell) (%)
Rmerge” (last shell) (%)

hFAF-1 UBA
1.0000 A. (PAL, 4A MXW)
50-1.73
P2,2,2,
a = 31.515 A
b =34.757 A
c=36.120 A

o= =7y=090.0°
230247 (4463)
98.2 (96.8)
48.5(6.7)
6.1 (15.5)

Refinement

RMSD from Ideality

Ramachandran Analysis

Resolution range (1“&) 20-1.73 Bond lengths (10&)
R value/R free 21.8/22.2 Bond angles (°)
No. protein atoms 342
No. water molecules 32

0.0040 Favored (%) 91.7
Allowed (%) 8.3

1.0295 Generally allowed (%) o)
Disallowed (%) 0

* Rmerge = 2 ny_ilI(h,)) — (I(h))| / Y-n>_il(h,), where I(h,i) is the intensity of the ith measurement of reflection h and (I(h)) is

the mean value of I(h,i) for all i measurements.

(GE Healthcare) and concentrated to 25 mg/mL using
an Amicon Ultra-15 concentrator (Millipore).

For NMR analysis, the residues 1-81 of human
FAF1, referred to as hFAF1-UBA [1-81], was cloned
into a pGEX-4T-1 (GE Healthcare) and expressed in
Escherichia coli BL21 (DE3). Cells were grown in
®NH,Cl-M9 or Mg medium supplemented with
®NH,Cl and *H6-glucose in 99.9% D,O at 37°C to
ODgo0~0.6, and induced using 300 mM IPTG (isopro-
pyl-B-D-1-thiogalactopyrano-side) and allowed to grow
overnight with agitation at 18°C. N-terminal GST-
fused hFAF1-UBA [1-81] was purified using the same
procedure as the hFAF1-UBA[5—47] domain. The final
buffer condition for NMR study was 20 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
pH 7.0, 100 mM NaCl, and 1 mM DTT.

Mouse E1, human Ubcy, mono-Ub, and NEDDS8
were cloned, expressed, and purified as described ear-
lier.??3° A K48-linked di-Ub was prepared by Ubc7-
mediated in vitro ubiquitination in the absence of E3,
and the preparation was then subjected to Superdex
75s column. The fractions that contained mainly di-Ub
were purified further on a Mono S column (GE
Healthcare) with a linear gradient from o to 1M NaCl
at pH 4.5.3

Crystallization, data collection, and structure
determination of hFAF1-UBA domain

Crystals were obtained by mixing a ~25 mg/mL pro-
tein in 50 mM HEPES, pH 7.5, 150 mM NaCl and
1 mM DTT, with a reservoir solution of 25% w/v
PEG3350 and 200 mM ammonium nitrate. They were
stabilized in 25% ethylene glycol and flash frozen
before data collection. Diffraction data from a single
crystal were collected using synchrotron radiation
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(Pohang Light Source 4A beamline) at 100 K using an
ADSC Quantum 210 CCD area detector system (ADSC,
USA). The raw data were processed and scaled using
the program suite HKL20003* and the statistics on
data collection are given in Table I

The structure of the hFAF1-UBA was determined
by molecular replacement with CNS, using the UBA
domain of UBX-domain containing protein 8
(UBXDS), protein ETEA (PDB entry 2DAM). The ini-
tial model obtained was adjusted using the program
COOT?®3 and refinement was carried out using CNS.34
The final model contains all residues except the three
residues at the C-terminus and 32 water molecules.
The statistics on the final refinement are given in
Table I.

NMR spectroscopy
CSPs were monitored in a series of "H-'"N HSQC spec-
tra as unlabeled mono-Ub and di-Ub, SUMO-1, and
NEDDS were added to ®N-hFAF1-UBA [1-81]. Protein
samples were prepared in 20 mM HEPES buffer, pH
7.0, 100 mM NaCl, 1 mM DTT, and 10% (w/v) D,O.
The experiments were performed by titrating o0.2-
0.5 mM '°N-labeled protein with concentrated stocks
of the appropriate unlabeled binding partners. We
used general triple-resonance experiments for the
backbone assignment of hFAF1-UBA [1-81].3> Amide
CSPs were calculated as AS = [(AS'H)*+(A8'°N/5)>1?,
where A3'H and A8"N are the observed chemical shift
changes for 'H and '°N, respectively.*°

The equilibrium dissociation constants were meas-
ured from the curve fitting of CSPs observed between
labeled protein and ligand as described by Varadan
et al'® The cross-saturation experiments were
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performed using the pulse scheme shown by Takaha-
shi et al.,3® on a sample containing 0.4 mM>H, **N-la-
beled hFAF-UBA [1-81] in complex with 0.2 mM
unlabeled mono- or Lys48-linked di-Ub, and 90% D,O
in the NMR buffer. Saturation of the aliphatic protons
of the mono-or di-Ub was done using the WURST-2
decoupling scheme.?” The saturation frequency was set
at 0.9 ppm. The recycle delay and saturation time
were set to 3.2 and 1.2 s, respectively. All NMR experi-
ments were carried out at 25°C using a Bruker
Avance500 spectrometer equipped with a cryogenic
probe and Bruker Avance800 spectrometer in Korea
Basic Science Institute.

Isothermal titration calorimetry

ITC experiments were performed using a ITC200
instrument (MicroCal., Inc., USA). Purified proteins
were dialyzed into 20 mM HEPES buffer, pH 7.5, 100
mM NaCl. Titrations were performed by injecting of
hFAF1-UBA [1-81] wild type (2 mM) and hFAF1-UBA
[1-81] (AT18) mutant (2 mM) into the sample cell
containing di-Ub (0.1 mM) at 25°C. The binding stoi-
chiometry and binding constants were determined by
fitting the data to a one-site binding model. The ITC
data were fit using Origin 7.0 (MicroCal., Inc., USA).

Mass spectrometric analysis of polyubiquitin

The silver-stained gel bands were destained and
digested with trypsin and peptides extracted as
described previously.3® The extracted solutions were
evaporated to dryness in Speedvac for MS analysis.
Formic acid was then added to the final solution to a
final concentration of 0.1% acid in solvent to facili-
tate electrospray. Peptide analyses were performed
by nano flow reversed-phased LC-ESI MS/MS spec-
trometer (Q-tof UltimaTM global, Waters Co., UK).
Peptides were separated using a C18 reversed-phase
75 um i. d. x 150 mm analytical column (3 um parti-
cle size, AtlantisTM dC18, Waters) with an integrated
electrospray ionization SilicaTipTM (+10 pm i.d.,
New Objective, USA). Five microliters of peptide
mixtures were dissolved in buffer C (water/ACN/for-
mic acid; 95:5:0.2, v/v), injected on a column and
eluted with a linear gradient of 5-80% buffer B
(ACN/water/formic acid; 95:5:0.2, v/v) over 120
min. Samples were desalted online before separation
using trap column (5-pum particle size, NanoEaseTM
dC18, Waters) cartridge. Initially, the flow rate was
set to 250 nL/min by split/splitless inlet and the cap-
illary voltage (3.0 keV) was applied to the LC mobile
phase before spray. MS parameters for efficient data-
dependent acquisition were as follows: intensity
(>10), and three to four components to be switched
from MS to MS/MS analysis. The raw data files
obtained from the mass spectrometer were converted
to.pkl files using ProteinLynx 2.1 (Waters Co., UK).
The.pkl files were searched against a SWISS-PROT
database using Mascot (global search engine).
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Precusor ion mass corrections and a fragment ion
mass tolerance of 0.2 Da were used, considered to two
missed cleavages, enzyme limited to trypsin, toxonomy
limited to homo sapiens, fixed modifications unconsid-
ered and variable modifications considered were acetyla-
tion, deamidation, ubiqutination (GlyGly), methylation,
pyro-glu (N-term E, Q), oxidation, phosphorylation, and
cysteine propionamide.

Transient transfection and immunoblot

analysis

Human embryonic kidney epithelial cells (HEK293T)
were grown and maintained at 37°C and 5% CO, in
high-glucose Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum. Monoclonal
antiFlag antibody M2 was purchased from Sigma
(USA), and monoclonal antiubiquitin antibody from
Chemicon (Temecula, CA). HEK293T cells (1.5 x 10°)
were seeded in 100-mm dishes and transiently trans-
fected the next day with 6 to 12 pg of expression plas-
mids by the calcium phosphate method. The medium
was changed with fresh 10% fetal bovine serum-con-
taining Dulbecco’s modified Eagle’s medium for 6 h
and cultured for an additional 18 h before harvesting
or further treatment. Mutants of hFAF1 in UBA do-
main (Glu21Ala, Thr28Asn, Val38Asn, Ile41Asn, and
Thr18 deletion) were constructed by site-directed mu-
tagenesis of using the QuikChange Mutagenesis Kit
(Stratagene, La Jolla, CA).

For western analysis, cells were lysed with lysis
buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 0.5% NP-40, and 5 mM DTT) containing 10
pug/mL aprotinin, 10 ug/mL leupeptin, 1 pg/mL pep-
statin, and 100 pg/mL phenylmethylsulfonyl fluoride,
10 mM NaF, 10 mM Na,VO, for 30 min on ice. The
protein concentrations of cell lysates were measured
by Bradford assay (Bio-Rad Laboratories, Hercules,
CA). Proteins (30 pg) were separated by SDS-PAGE
under reducing conditions, transferred to PVDF mem-
brane, and probed with monoclonal antibody to Flag
(Sigma, USA), polyclonal antibody to FAF full or [1-
81], and monoclonal antiubiquitin antibody from
Chemicon (Temecula, CA). The protein—antibody com-
plexes were visualized with horseradish peroxidase—
conjugated secondary antibody (Cell Signaling Tech-
nology, USA) for 1 h at a 1:2000 dilution. The blots
were incubated for 3 min in ECL plus kit (GE Health-
care, UK) and exposed to LAS3000 (Fuji Photo Film
Co., Japan).

Electronic supplementary material is available for
mass spectrometric analysis of polyubiquitin and CSP
and cross-saturation data from binding of the hFAF1-
UBA[1-81] with mono- and di-Ub as well as a docked
model of the hFAF1-UBA: di-Ub complex.

Protein data bank accession codes

The atomic coordinates and structure factors of the
crystal structure have been deposited in the Protein
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Data Bank, Research Collaboratory for Structural Bio-
informatics, Rutgers University, New Bruinswick, NJ
(http://www.rcsb.org/), with accession number 3E21.
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