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ABSTRACT. The 26S proteasome is essential for the proteolysis of proteins that have been covalently
modified by the attachment of polyubiquitinated chains. Although the 20S core particle performs the
degradation, the 19S regulatory cap complex is responsible for recognition of polyubiquitinated substrates.
We have focused on how the S5a component of the 19S complex interacts with different ubiquitin-like
(ubl) modules, to advance our understanding of how polyubiquitinated proteins are targeted to the
proteasome. To achieve this, we have determined the solution structure of the ubl domain of hPLIC-2
and obtained a structural model of hHR23a by using NMR spectroscopy and homology modeling. We
have also compared the S5a binding properties of ubiquitin, SUMO-1, and the ubl domains of hPLIC-2
and hHR23a and have identified the residues on their respective S5a contact surfaces. We provide evidence
that the S5a-binding surface on the ubl domain of hPLIC-2 is required for its interaction with the proteasome.
This study provides structural insights into protein recognition by the proteasome, and illustrates how the
protein surface of a commonly utilized fold has highly evolved for various biological roles.

Regulated protein degradation is required for a variety of of the 20S complex are well-characterized, whereas little is
diverse cellular functions, including controlling the lifespan known of the functional organization of the 19S component.
of regulatory proteins, removing misfolded proteins, and The research described here addresses the recognition of
producing immunocompetent peptidds-@). An important ubiquitin and ubiquitin family proteins by this component.
mechanism for controlled proteolysis is the ubiquitin-  polyubiquitin chains are recognized by the proteasome,
mediated pathway of proteasomal degradation. This pathwayand proteins that bear polyubiquitinated chains undergo
involves an enZymatiC cascade that culminates in the Covalentproteasome-dependent degradation' The basis of the interac-
attachment of ubiquitin to protein substrates by E3 ubiquitin tions between polyubiquitinated substrates and the protea-
ligases {—9). Polyubiquitin chains serve as general signals some remains an active area of investigation. One subunit
for protein degradation by the proteasome, and in Vitro of the 19S component, S5a, has been shown to bind
studies suggest that polyubiquitination of a substrate is polyubiquitin chains 11, 12) as well as the ubiquitin-like
sufficient for proteasome-mediated degradatih ( domain of hHHR23a and hHR23b, the human homologues of

The 26S proteasome is composed of two particles, a 19Sthe yeast Rad23 proteiti). Although the structure of S5a
regulatory complex and the 20S core particle 10). The  has not yet been described, mutagenesis studies indicate that
20S particle contains four stacked rings of seven subunitsthere are two independent polyubiquitin binding segments
each that form a hollow Cylinder, with Catalytic sites situated within S5a that are h|gh|y conserved among eukarydtés (
on the interior surface. It provides the proteolytic activities, 15 Each segment contains five hydrophobic residues
whereas the regulatory 19S cap complex confers ATP forming an alternating pattern of long and short side chains.
dependence and substrate recognition. The 19S complexthe second ubiquitin-binding sequence of S5a, which is
Comprises more than 30 Subunits, which function to recognize absent in yeast, is required for b|nd|ng of hHRZaa)(
and unfold target proteins that are to be degraded within the

. . Mutations of the 26S protease subunits in yeast indicate
20S core. The structure, assembly, and enzymatic mechanlsngh P y

at degradation of ubiquitinated substrates is essential for
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Ficure 1. Sequence alignment of the hPLIC-2 ubl domain, the hHR23a ubl domain, ubiquitin, and SUMO-1. This alignment was based
on the reported (for ubiquitin and SUMO-14(, 41) and determined (for the ubl domains of hPLIC-2 and hHR23a) secondary structural
elements. Secondary structural elements are displayed below the sequence, and residues imf«stvadds and helices are colored blue

and red, respectively.

uitin conjugates in yeastlg). Interestingly, a yeast strain hHR23a and hPLIC-2 were identified in a yeast two-hybrid
lacking bothRAD23and RPN10has a delay in the G2M screen as interactors of the E3 ubiquitin ligase E628, (
transition of the cell cycle and increased levels of multiu- 29). Each of these proteins has also been shown to interact
biguitinated proteins20). with the proteasomel@, 28). The different roles of these
Ubiquitin is homologous with two families of ubiquitin- domains and their significance for proteasome targeting
like proteins R1). Like ubiquitin, type 1 ubiquitin-like (ubf however are not known. The sequence alignment of the
proteins, such as SUMO and Nedd8, are cleaved at aubiquitin-like domains of hPLIC-2, hHR23a, and SUMO-1
diglycine motif and are covalently attached to other proteins compared to ubiquitin is shown in Figure 1. As discussed
through their C-terminal glycine. Proteins covalently modi- below, this sequence alignment is based on superimposing
fied by these type 1 ubl proteins are not targeted to the the experimentally determined secondary structural elements.
proteasome for degradation, but are associated with a variety |5 this work, we provide structural insights into the

of cellular functions £2). Type 2 ubl domains exist in the ifferent binding properties of the ubiquitin family proteins
N-terminal region of multidomain proteins, and although \jth the proteasome and characterize the proteasome-binding
these proteins have been actively studied and associated withy;rfaces on members of this family. We have used nuclear
important cellular processes, their biological functions are magnetic resonance (NMR) spectroscopy to determine the
unclear. We present here descriptions of how two of these strycture of the ubl domain of hPLIC-2 and have found that
proteins interact with the proteasome via their type 2 ubl s structure more closely resembles ubiquitin than the type
domains. 1 ubiquitin-like protein SUMO-1. Furthermore, we have
We have focused our study on hHR23a and hPLIC-2, the getermined the secondary structure of the hHR23a ubl
human homologues of Rad23 and Dsk-2, respectively. Rad234,main by NMR spectroscopy. We have used this informa-
plays an important role in the nucleotide excision repair tion to build a homology-based model of the hHR23a ubl
(NER) pathway and has been implicated in spindie pole body gomain based on our calculated structure of the ubl domain
duplication and cell cycle progression$ cereisiae (23— of hPLIC-2. We then identified the residues of ubl domains
25). Dsk-2 has been implicated in spindle pole body of hpLiC-2 and hHR23a, and of ubiquitin, that serve to
duplication @3). The mammalian homologues of Rad23 contact S5a. Our results indicate that there is an S5a-binding
(hHR23a and hHR23b) also function in NERY], whereas  gyrface conserved between the type 2 ubl domains of
the mammalian homologues of Dsk-2 (PLIC-1 and PLIC-2) hp||Cc-2 and hHR23a. The analogous surface in ubiquitin
have only recently been describet¥(28). In our laboratory, jffers slightly from that of the type 2 ubl domains, and these
differences provide an explanation for an observed weaker
* Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D, hinding of ubiquitin to S5a. The S5a-binding region on the
thrﬁ:;}?_‘ﬂ%rggnﬁgtggh'&lggr”;ﬁ]” pr Otﬁgﬁgjrgeggghﬁzr'}’;fril‘é'gnn"fc’g surface of the hPLIC-2 ubl domain was verified by creating
gfi)de excision repair; NMR, nucleagr mggnetic resonance; NOE, nuclear SPeCific amino acid substitutions within the identified binding
Overhauser effect; ubl, ubiquitin-like. surface that were able to disrupt binding between the two
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proteins. The same SUbSt!tu“Ons also abrOgated_a"_b'nqmgTabIe 1. Structural Statistics for NMR Structure Calculations
of the hPLIC-2 ubl domain to the proteasome, indicating performed in XPLOR Version 3.851

tha}t this surface on the ubl domain is required for binding | -1 of NOE distance restraints 1068
to intact proteasomes. Furthermore, we found that the type inter-residue 680
1 ubl protein, SUMO-1, in which the electrostatic properties  medium-range 162
of this surface are not conserved, does not bind S5a. I ig ;?
Comparisons of the type 2 ubl domains with SUMO-1 and : : +4 30
ubiquitin reveal how this conserved protein fold may be used long-range [ — j| > 4) 239
for very different biological functions through changes in no. of hydrogen bonds 23
the electrostatic potential at the protein surface. Our studiesdnedral angle restraints (deg)
- . ¢ [C' -1y~ Ni—Cai—C'}] 23
reveal the surface within the ubl domains of hPLIC-2 and  , (N—Cai—C'i—Ni.) 21
hHR23a that is necessary for proteasome binding. Further-Ramachandran plot (%)
more, on the basis of our structure comparison with ubiquitin, ~ most favorable region 72.9
we provide an explanation for why ubiquitin is a weaker agﬂgl‘;ﬁﬂ”;ﬂ'ﬁﬁgﬂ rrggi'grr]‘ 251'90
S5a binding protein than hPLIC-2 and hHR23a. Our study  gisallowed region 0
indicates why some ubiquitin family proteins target the avrmsd for distance restraints (A) 1.65102+1.2x 1073
proteasome whereas others do not. av rmsd for dihedral restraints (deg) (0817.2) x 1072
avl;r;qnsccjjsfzg\r)n idealized covalent geometr)é Ox 109 4 6.2x 105
MATERIALS AND METHODS angles (deg) (0.5% 4.9) x 10°3
improper angles (0.4 1.1)x 102

Sample PreparationAll the proteins in this study were 4y rmsd of backbone atoms fromthe ~ (0.41+ 7.2) x 10°2
produced from pET vectors (Novagen) containing an in- average structure within regions of
frame C-terminal histidine tag. The plasmids containing these secondary structure (A) ,
genes were each transformed into BL21(DE3) cells and :xggzgeri'ég‘?:‘%f‘;ﬂ?:gggge (0.97+7.7)x 107
grown at 37°C in M9 minimal medlum.or in Luria broth secondary structure (A)
containing ampicillin (10Q:g/mL). Protein expression was

induced by adding IPTG, once absorption at 600 nm ) ] )
surpassed 0.4. The cells were then grown af@Sor an in D2O. Distance restraints for the ubl domain of hHR23a

additional 12 h. After being harvested by centrifugation Were obtained by using &N-dispersed NOESY spectrum
(5000 for 20 min), the cells were lysed by sonication and With @ mixing time of 120 ms. The pattern of NOE

then centrifuged again at 1509fr 30 min. The supernatant interactions for each amino acid was used to reveal the
was then applied to 1 mL of nickeNTA agarose beads secondary structure and hydrogen bonding of both proteins

(Qiagen) per liter of cells and, after extensive washing, eluted (33). Spectra were processed with FELIX software packages
with 0.25 M imidazole. Lysis and washing were performed (Hare Research, Inc./Biosym Inc.) and analyzed by using
in 300 mM NaCl and 50 mM NaPQpH 6.0). Gel filtration XEASY (34) on a Silicon Graphics workstation. Dihedtgal
with an FPLC-Superdex-75 column (Pharmacia) was sub- andy angles were obtained with the TALOS prograBa)
sequently performed on all samples, except S5a, in 100 mm Furthermore, from geometric considerations, when the NOE
NaCl and 50 mM NaP@(pH 6.5). Labeled samples were Tom the proceedingu-proton to an amide proton was
prepared by using'{C]glucose andNH.C| as the sole  Stronger than the intraresidue NOE, the backbone dihedral
carbon and nitrogen source, respectively (Cambridge Iso-¢ angle of that residue was set 20 to —180".

topes). NMR experiments were typically carried out at 25  Structure CalculationsStructure calculations were per-
°C with 1.0 mM samples in 50 mM sodium phosphate buffer formed, based on the NOE distance and dihedral angle
(pH 6.5), 100 mM NaCl, and 0.1% sodium azide. Point restraints described in Table 1, with the use of simulated
mutations were generated by site-directed mutagenesisannealing 86) in XPLOR version 3.85137) on a R12000
(QuikChange, Stratagene) and confirmed by DNA sequenc-Octane Silicon Graphics workstation. A total of 20 random
ing. structures were subjected to 60 000 simulated annealing and

NMR Spectroscopyll spectra were acquired at 600 MHz cooling steps of 0.005 ps. C(_)ordinate and restraint files have
(Bruker DMX) or 500 MHz (Bruker DMX with a cryo- been submitted to the Protein Data Bank (PDB entry 1J8C).
probe, Varian Unity or Varian INOVA). Resonance assign- NMR Spectroscopy Experiments for S5a Bindiig
ments were obtained for thE€N, Co, and N\H atoms of characterize the interaction with S5a, a NMR titration study
the ubl domains of hPLIC-2 and hHR23a by using standard was performed where thé®N,*HJHSQC spectrum of each
3D heteronuclear *H,>N,’3C]JHNCA and HN(CO)CA ubiquitin-like domain was monitored upon addition of
experiments 30). By using these experiments, we were increasing concentrations of S5a. Concentrations were cal-
able to sequentially align spin systems via their &oms. culated by using extinction coefficients based on amino acid
The chemical shift values of theoCatoms were used composition. The absorbance at 280 nm was measured for
to reveal the secondary structural elements of the ubleach protein in urea, and the concentration of the ubl
domain of hHR23a and hPLIC-3Z, 32). Distance restraints  domains, ubiquitin, and SUMO-1 used in thel['>N]JHSQC
for the ubl domain of hPLIC-2 were obtained by using experiments was 0.3 mM. In these binding titration experi-
15N-dispersed (120 ms mixing time}¥C-dispersed (80 ms  ments, we measured the change in the chemical shift of the
mixing time), and 2D (80 and 120 ms mixing times) NOESY amide nitrogen and proton atoms 8H[**N]JHSQC cross-
spectra. Thé3C-dispersed NOESY and the 2D homonuclear peaks of the'*N-labeled protein according to the equation
NOESYspectra with a mixing time of 80 ms were recorded +/(0.20x2) + dn2, wheredy anddy represent the change in
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Ficure 2: Stereoview of superimposed structures of the ubl domain of hPLIC-2. The backbone atoms of residues in regions of regular

secondary structure are superimposed, and those residues involgestrands and helices are colored blue and red, respectively. This
figure was produced using the program MOLMOQOR&OY.

nitrogen and proton chemical shifts upon S5a addition, dihedral angle violation greater than 0.3 A 6 fespectively.
respectively. The average root-mean-square deviations from the average
In Vitro Binding ExperimentsBacterial pellets from 500  structure within the secondary structural elements of residues
mL OF IPTG-induced (0.5 mM, 25C overnight) cultures ~ 33-101 (including residues 3339, 42-48, 53-62, 73~
containing wild-type or 75/77/99 mutant hPLIC-2 ubl-His 76, 79-82, 8790, and 96-101) for the backbone atoms
tag pET (Novagen) fusion constructs or a control plasmid and for all heavy atoms are 0.41 and 0.97 A, respectively.
were resuspended in PBS (8 mL/pellet) and sonicated. A stereoview of the 20 calculated structures superimposed
Lysates were cleared by centrifugation (109@6r 20 min) is provided in Figure 2. Although the N-terminal hPLIC-2
and incubated with 25@L of PBS-washed nickeiNTA fragment used in this study contains the first 30 residues
agarose beads (Qiagen) for 1.5 h atGto achieve high  preceding the ubl domain, these residues are omitted in all
concentrations of the ubl proteins on the beads. After being figures because they are disordered in this construct. The
washed in PBS, the bound proteins on the beads werec_terminal region containing the linker and histidine tag were
analyzed by SDSPAGE and Coomassie staining. Two 150 5154 found to lack NOE interactions, and the chemical shift

cn? subconfluent dishes of Hela cells were harvested in 4 g0 encies of these residues were characteristic of a random
mL of NP-40 lysis buffer [5S0 mM Tris (pH 8), 0.5% NP- i/ ctriicture.

40, and 5 mM MgC], and lysates were cleared by )
centrifugation and split into four fractions, each of which ~ 1ne backbone structure of the hPLIC-2 ubl domain more

was incubated for 1.5 h at%C with 20 uL of nickel-NTA closely resembles ubiquitirg9, 40) than SUMO-1 41) as
beads loaded with the different ubl proteins. The beads weredisplayed in Figure 3A. The root-mean-square deviation from
washed in the same lysis buffer, subjected to SPBGE, the ubl domain of hPLIC-2 for the backbone atoms of
and transferred to a membrane for Western blot analysisesidues situated in helices/strands is 2.0 A for ubiquitin
using thea-2 proteasomal core subunit-625 is clone 7A11,  and 2.8 A for SUMO-1. Comparisons of the positions and

ICN/Cappel). lengths of the secondary structural elements of all three
proteins are included in Figure 1A. All three proteins contain
RESULTS five g-strands, am-helix of 3.5 turns, and an additionale3

helix. In all three proteins, the first and lg8tstrands g1
andgf5, respectively) are oriented parallel to each other and
all other neighborings-strands are oriented antiparallel to

Structure Determination of the Ubl Domain of hPLIC-2
and Comparisons with Ubiquitin and SUMO-The human

PLIC-2 protein contains 624 amino acids with a ubiquitin- . : .
like domain in the N-terminal region, as well as collagen- €2ch other. The orientation 8 andf5 relative toal of

like and ubiquitin-associated domains in the C-terminal the type 2 ubl domain of hPLIC-2 is more similar to that of

region @8). We analyzed by NMR spectroscopy a fragment ubiquitin than to that of SUMO-1. Although the fold of these
of PLIC-2 consisting of residues—1104, including the three proteins |s_S|m|Iar, thelr electrostatic surfaqe potent|_als
ubiquitin-like domain (containing amino acids-3103). For ~ differ greatly. Figure 3 displays the electrostatic potential
ease of purification, we prepared a construct in which the mapped onto a surface diagram for the ubl domain of
C-terminal region contains a linker region of 16 amino acids hPLIC-2 (panel B), ubiquitin (panel C), and SUMO-1 (panel
attached to a six-residue histidine tag. D). The orientation displayed on the left in panels B of

The structure of the ubl domain of hPLIC-2 was deter- Figure 3 is identical to that in Figures 2 and 3A, whereas
mined by previously described procedur8g)(A summary  that on the right is rotated by 180Basic, acidic, and
of the NMR data used for structure calculations is provided hydrophobic regions are shown in blue, red, and white,
in Table 1. Structure calculations were performed with the respectively. In the orientation on the left, SUMO-1 is
use of simulated annealin®®) in XPLOR version 3.851  dramatically more acidic than ubiquitin and the ubl domain
(37) on a R12000 Octane Silicon Graphics workstation. All of hPLIC-2. As discussed below, this face is implicated in
20 random starting structures converged with no NOE or binding S5a.
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the case of the hPLIC-2 ubl domain, for example, the
molecular mass is increased from 14 kDa in the free form
to 55 kDa in the complex with S5a. The strong resonances
that remain in theH,’>NJHSQC spectrum on the right of
the >N-labeled hPLIC-2 ubl domain originate from either
the first 30 residues N-terminal to the ubl domain or the last
22 residues, including a linker region and the histidine tag.
These residues were all found to be structurally disordered
in the ubl domain alone and in the complex of the ubl
domains with Sbha.

In addition to the apparent resonance broadening of
residues within the ubl domain of hPLIC-2, a detailed
comparison of the'H,'>NJHSQC spectra revealed that some
resonances from these residues experienced chemical shift
changes in the presence of S5a. Such chemical shift changes
are caused by changes in the chemical environment of those
atoms and, provided that there are no gross structural
changes, can be used to map contact surfad@s By
measuring the change in the chemical shift of the amide
nitrogen and proton atoms iAdH,’®NJHSQC spectra of the
N-labeled ubl domain in the absence and presence of
increasing quantities of S5a, we were able to map the S5a
interaction surfaces. At an equimolar concentration with S5a,
all of the cross-peaks could be observed in 1D traces along
the nitrogen and proton dimensions. By comparing the 1D
traces in both dimensions dH,*>N]JHSQC spectra acquired
in the absence and at an equimolar concentration of S5a,
we were able to measure the change in the amide nitrogen
and proton chemical shift.

Figure 5A displays the measured chemical shift changes
of the amide nitrogen and hydrogen atoms of each residue

according to eq 1
V(0.20%) + 0,7 (1)

wheredy anddy represent the change in nitrogen and proton
chemical shifts (in parts per million), respectively, upon Sba
addition. The values presented in Figure 5A are then mapped
onto the surface diagram of the ubl domain of hPLIC-2 in
Figure 6A. In this figure, residues experiencing the greatest
perturbation in their amide nitrogen and proton chemical
shifts are colored most blue, whereas those residues not
FiGURe 3: Comparison of the fold and electrostatic surface potential EXPEr€NCing changes in the resonance frequencies of their

of the hPLIC-2 ubl domain, ubiquitin, and SUMO-1. Panel A amide nitrogen and proton atoms are white. Figure 6A is
contains ribbon diagrams of the backbone atoms of the ubl domain displayed in the same orientation as that of Figure 3, and

of hPLIC-2 (left), ubiquitin (middle), and SUMO-1 (right). The  those residues, including proline, whose chemical shift

electrostatic surface potential is mapped onto the surface diagram ;
of the hPLIC-2 ubl domain (B), ubiquitin (C), and SUMO-1 (D), perturbation could not be measured are red. The S5a contact

The orientation of the figures on the left in panelsB is identical surface revealed by this technique is localized to a hydro-
to that presented in panel A, whereas that on the right is rotated by phobic surface of the hPLIC-2 ubl domain and predominately
18C°. The parameters used to generate each of these surfacénvolves residues located in the third, fourth, and fifth
potentials are-42 to —21 and 42-21 kT. Panel A was produced  g_strands.
‘(’gtlr)‘ MOLMOL (50), and panels BD were generated with GRASP 110 hi1R233 Ubl Domain Binds S5a with a Surface Almost
' Identical to the S5a-Binding Surface of the hPLIC-2 Ubl
The Ubl Domain of hPLIC-2 Binds the S5a Proteasome Domain.To determine whether a similar interaction surface
Subunit with a Hydrophobic Surfac€omparison of the  in hHR23a contacts the proteasome, we assigned the C
[*H,"NJHSQC spectra of*N-labeled ubl domains of hPLIC-2 N, andNH atoms of the ubl domain of hHR23a by using
or hHR23a alone and with a 1:1 ubl:S5a molar ratio reveals triple-resonance experiments. We located regions of regular
binding of these type 2 ubl domains with S5a (Figure 4A,B). secondary structural elements based on the chemical shift
The disappearance of the signal originates from resonanceindex of the @ atoms, in combination with observed
broadening due to the increased rotational correlation time amide-amide NOE interactions in @N-dispersed NOESY
of the complex. This increased rotational correlation time is spectrum 83). The amide-amide NOE data also contained
caused by the increased molecular mass of the complex. Ininformation about the hydrogen bonding patterns between




1772 Biochemistry, Vol. 41, No. 6, 2002 Walters et al.

100.00
A 105.00 D ’ ]
° ° ' . . A . . ! " 105.00
' » 11000 N
ﬁ‘; " 9’. '} Y 'é’ ‘)
'y ') ]
’ ’ (] '
t 0. . o 115.00 [} : .‘ ] " L ’ .‘ * 11500
. 0@ ° ’ . . ’ . N
o0 0 ] . o 4 o 12000
N 12000 M ' ® , ) |
o ] “ae ' o ‘
. 0: ’ ® ‘0. v t" e “y 12500
. 125.00
& ﬂ.o [ )
130.00 . . R
hPLIC-2 + S5a ubiquitin ubiquitin + S5a [** £
y 100.00 e
8 o, " E z
. o .- .
[} 4 . 11000 ' ’: * [ 110.00
N ’: [ . . * ' *
°.° ’ ? 11500 E * ..
' . . & . x .. 115.00
LR & @ e Y
4 [ =z . .
. G.t 12000 “ g ‘. 12000
.k. . 0 . IS
q" * o o0, 4
q‘ #: ) 125.00 ..’ 125.00
. o. *
. ¢ 130.00
.t . 13000 . .
. ® 135.00
hHR23a + 552 |00 " sumo1 SUMOT+S5a | ™
C 1100 10.00 9.00 800 7.00 6.00 11.00 10.00 9.00 800 7.00 6.00
) [ 4
10500 1 H (ppm)
v

. T

A 13

. [ 4 f [ ] .e‘. . ) 115.00
*

12000

125.00

130,00

mutant mutant + S5a

135.00

1000 900 800 700 600 10.00 900 800 7.00 6.00
TH (ppm)

FIGURE 4: [*H,'>N]JHSQC spectra of the hPLIC-2 ubl domain (A), the hHR23a ubl domain (B), the hPLIC-2 triple mutant (I75A/A77S/
H99A) ubl domain (C), ubiquitin (D), and SUMO-1 (E) alone (left) and with a 1:1 molar ratio with unlabeled S5a (right). We provide an
enlarged view of a portion of these spectra as Supporting Information. Furthermore, in all cases, titrations were contirde?l noodar

ratio with Sba.

[-strands. Using this knowledge of the secondary structure Figure 5B contains the chemical shift data for the hHR23a
of hHR23a and of hydrogen bonds between cetastrands, ubl domain plotted according to eq 1. These data are mapped
we generated a model structure of the hHR23a ubl domainonto the surface diagram of our modeled structure of the
based on the calculated hPLIC-2 ubl domain structure, by hHR23a ubl domain in Figure 6B to reveal that a surface in
using Look version 3.5.24Q3). the hHR23a ubl domain very similar to that of the hPLIC-2
The [tH,SNJHSQC spectra of th&N-labeled hHR23a ubl ubl domain binds S5a. The residues of hHR23a and hPLIC-2
domain alone and with a 1:1 hHR23a ubl domain:S5a molar at the S5a contact surface are largely identical. Furthermore,
ratio are displayed in Figure 4B on the left and right, the SS5a-binding surface of hHR23a is very similar geo-
respectively. As in the case with the hPLIC-2 ubl domain, metrically and has an ele_zctro_stanc potential similar to that
resonance broadening is observed in the presence of S5z0f the hPLIC-2 ubl domain (Figure 6B).
The hHR23a construct studied here contains the same 22 The S5a-Binding Surface of the hPLIC-2 Ubl Domain Is
C-terminal residues, including a linker to a histidine tag, but Required for Proteasome Bindingo validate the identifica-
this protein does not contain residues N-terminal to the ubl tion of the S5a-binding surface on the hPLIC-2 ubl domain,
domain. we constructed a triple-amino acid substitution mutant in
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Ficure 5: NMR chemical shift perturbation data for the hPLIC-2 ubl domain (A), the hHR23a ubl domain (B), and ubiquitin (C). These
data are displayed for each residue according to equatief(d29x?) + 012, wheredy anddy represent the change in nitrogen and proton
chemical shifts (in parts per million) upon S5a addition, respectively]. Residues that were excluded from this analysis include P40, P49,
N51, and F57 of the hPLIC-2 ubl domain, P21, P42, and P60 of the hHR23a ubl domain, and K11, P19, P37, P38, and G53 of ubiquitin.
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— e
-
1 2 3 4

FiIGUrRe 7: Western blot analysis of in vitro proteasomal binding
of the hPLIC-2 wild-type and triple-mutant (I75A/A77S/H99A) ubl
domain. Proteins from HeLa whole cell lysates bound teNTA
beads with no overexpressed protein (lane 1), the wild-type ubl
domain (lane 2), the triple-mutant ubl domain (lane 3), or a 50%
mixture of the wild-type and triple-mutant ubl domains (lane 4)
were analyzed as described in Materials and Methods using
antibodies to the proteasome core subang.

o-p25

Since it is possible that type 2 ubl domains could contact
subunits other than S5a in the proteasome using different
surfaces, we tested whether the hPLIC-2 ubl triple-substitu-
tion mutant could still bind to the proteasome using whole
cell lysates from Hela cells. Affinity-purified His-tagged
wild-type and mutant hPLIC-2 ubl domains were tested for
their ability to interact with proteasomes in whole cell lysates
from HelLa cells by immunoblotting witlr-p25, an antibody
to the a-2 proteasomal core subunit (Figure 7). In these
experiments, we found binding of the wild-type hPLIC-2 ubl
domain to proteasomes, but not for the mutant ubl domain
(Figure 7). We are able to conclude from these experiments
that the surface conserved between the hPLIC-2 and hHR23a
ubl domains that we have identified as required for S5a
binding is also required for proteasome binding.

Residues on the Ubiquitin Surface Similar to the
S5a-Binding Site of the Type 2 Ubl Domains Bind Sba.
Competition experiments between monoubiquitin and poly-
ubiquitin chains suggest that polyubiquitin chains preferen-
FIGURE 6: Mapping of the S5a-binding surface displayed in Figure tially bind S5a (1, 14, 15). To establish whether monou-

5 onto the surface diagrams of the ubl domains of hPLIC-2 (A) piquitin binds S5a and whether such binding involves a
and hHR23a (B) and of ubiquitin (C). The orientation of the figures surface similar to the hPLIC-2 ubl domain-binding surface,

on the left is identical to that shown in Figures 2 and 3, whereas f d titrati ; #N-labeled ubiquiti
that on the right is rotated by 180A gradient based on the data W€ Performed titration experiments witiN-labeled ubiquitin

displayed in Figure 5 was then built and plotted onto the surface and unlabeled S5a. Figure 4D depicts thid, PNJHSQC
diagrams such that the residues colored most blue experience thespectra of'®N-labeled ubiquitin alone (left) and with a 1:1

greatest chemical shift perturbation with S5a addition and those yp| domain:S5a molar ratio (right). In the spectra for the

residues displayed in white are not perturbed by S5a addition. Those, . . ; _
residues that could not be measured, including prolines, are labele 1 ubl domain:S5a molar ratio, fewer resonance cross-peaks

in red. This figure was produced by using GRASR)( originating from residues of ubiquitin disappear from a
[*H,>NJHSQC spectrum than from those originating from
which H99 and 175 were changed to alanine and A77 was the ubl type 2 domains at an identical molar ratio with S5a
changed to serine. The replacement of A77 with a serine (Figure 4). The disappearance of residues is caused from
residue produces a negative charge in the identified bindingthe increased rotational correlation time of the larger bound
surface, and the replacement of H99 with an alanine removesstate and from chemical exchange. The disappearance of all
the slightly positively charged histidine residue. & [*>N]- resonances except for the linker residues in the ubl domain
HSQC spectrum of the free triple mutant protein confirmed of hPLIC-2 suggests that a tight complex has formed between
that the mutations did not cause any overall structural the ubl domain of hPLIC-2 and S5a. In contrast, in the 1:1
changes in the protein since chemical shift perturbations werecomplex with ubiquitin, only one residue completely disap-
observed only for the altered residues. A comparison of pears from the spectrum, indicating that the binding of
[*H,*NJHSQC spectra of thé€N-labeled mutant alone with  ubiquitin to S5a is weaker than the binding of the ubl domain
spectra for a 1:1 ubl domain:S5a molar ratio revealed that of hPLIC-2 with S5a.
the mutant protein no longer specifically bound S5a (Figure  Unlike the ubl domain of hHR23a, ubiquitin can bind to
4C), thus confirming the ubl domain surface identified by two different regions of S5dl@, 15, 44). If ubiquitin bound
NMR spectroscopy as the S5a contact surface. The aminaostrongly to each of the two sites, one would expect that at a
acid substitutions in the mutated version of hPLIC-2 allow 2:1 ubiquitin:S5a molar ratio, the resonance signals of
for weak nonspecific interaction with S5a, as the spectrum ubiquitin would be severely broadened as in the,°N]-
displayed in the right panel of Figure 4C contains cross- HSQC spectrum for the 1:1 hPLIC-2 ubl domain:S5a molar
peaks that are slightly broadened relative to those in theratio. Our data suggest that ubiquitin complexes only weakly
[*H,'>N]JHSQC spectrum of the free mutant protein. with S5a and dissociates easily. We continued these titration
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experiments up to a molar ratio of one ubiquitin molecule
to three S5a molecules. At that ratio, the signal intensity of A
the resonances originating from ubiquitin residues resembles
that of the resonances originating from residues of the
hPLIC-2 ubl domain when present at 1:1 ubl domain:S5a
molar ratio (data not shown).
By using published resonance assignmedt; 46), we
measured the chemical shift perturbation of the ubiquitin
amide nitrogen and proton atoms from the presence of Sba
and have plotted the data according to eq 1 in Figure 5C.
These data are mapped onto the surface diagram of ubiquitin
to reveal a localized S5a-binding surface as shown in Figure
6C. Three residues (L8, 144, and V70) that have been
previously identified by mutation studies as being important
for ubiquitin binding the proteasome are included on this
Q292 Au”({

S5a

ubl hPLIC-2

surface 47—49). The S5a-binding surface is not limited to
these three residues, however, as contact with 144 and L70
would be structurally very difficult without contact with R42.
We find that R42 and Q49 are definitely in the S5a contact
surface in addition to other residues displayed in blue in
Figure 6C. A comparison of Figures 3a and 6a with Figures
6a and 6c¢ reveals that the surface on ubiquitin that we have
identified as being required for binding S5a is more charged
than the S5a contact surfaces of the hPLIC-2 and hHR23a
ubl domain. The presence of charged and polar residues on
this surface, including R42, Q49, and the nearby D52, may
contribute to the weaker binding of ubiquitin to S5a
compared with the binding of the hPLIC-2 and hHR23a ubl
domain to S5a. ) ) Ficure 8: Model of how the ubl domain of hPLIC-2 and S5a may
SUMO-1 Does Not Bind S5&s mentioned above, the interact. The surface diagram on the left is of a model structure of
type 1 ubl protein SUMO-1 has a very different electrostatic the region of S5a required for binding the ubl domain of hHR23a.
surace than efther ubauiin or NPLIC 2 and 1HR23a ubl e e e i xposs e e B
domains. The surface In SU.MO']' similar to the S5a-binding surfaces. In panel A, those residues of Sga reportgd to be criticalg
surfaces that we have identified on the hPLIC-2 and hHR23a for pinding the hHR23a ubl domain are colored blue and those
ubl domains and on ubiquitin is substantially more negatively residues of the hPLIC-2 ubl domain that undergo chemical shift
charged in SUMO-1. On the basis of this observation, we perturbations upon S5a addition are likewise colored blue as in
expected that SUMO-1 would not bind S5a. To test this Figure 5B. In panel B, the electrostatic surface potential of each
prediction, we performed titration experiments'&-labeled molecule is mapped onto its surface diagram. This figure was
. ) produced using GRASFY).
SUMO-1 with unlabeled S5a. Figure 4E shovibl [5N]-
HSQC spectra of SUMO-1 alone and at a 1:1 SUMO-1:S5a to each site. Secondary structure programs predict that each
molar ratio. Spectra acquired in the presence of S5a wereof these regions is helical. We built a model of the second
unperturbed, confirming that SUMO-1 and S5a do not ubiquitin-binding region reported to be critical for hHHR23
interact. Although SUMO-1 shares a fold very similar to that ubl domain binding 13). On the basis of the high degree of
of the other proteins in this study, it has evolved very similarity between the S5a contact surfaces of the ubl
different surface properties presumably to perform different domains of hPLIC-2 and hHR23a, we presume that, like the
functions not directly involving proteolysis or binding to the ubl domain of hHR23a, the hPLIC-2 ubl domain would also
proteasome. This study highlights the importance of char- only bind the second ubiquitin-binding site of S5a. Conse-
acterizing the surface details of protein family members and quently, our model of the ubl domain-binding site of Sba
reveals that subtle differences in electrostatic charge orincludes residues S28®294. We have built this model as
hydrophobicity may underlie significant differences in func- an a-helix as predicted by secondary structure prediction
tion. More specifically, we are able to explain in this programs and displayed a surface diagram of this element
investigation why some proteins target the proteasome andin Figure 8. We also display an hPLIC-2 ubl surface in Figure
others do not. 8A identical to the left side of Figure 6A. It contains the
A Model of the Surface Diagram of the Segment in S5a data displayed in Figure 5A mapped onto a surface diagram
That Binds Ubiquitin and the Type 2 Ubl Domains:Rals of our calculated hPLIC-2 ubl structure. The S5a model
a Complementary Electrostatic Surface Potenti@lvo displayed in Figure 8A is displayed with those residues of
regions in S5a have previously been identified by deletion S5a that are reported from deletion studies to be critical for
and site-directed mutation studies as being necessary forbinding ubiquitin and the hHR23a domain colored bliig)(
ubiquitin binding (4, 15, 44). The sequence of both of these Inspection of the electrostatic surface potentials of the S5a
regions in human (S5a) and yeast (Rpn10) is displayed in peptide and the hPLIC-2 ubl domain mapped onto their
Figure 1B. The hydrophobic pattern of alternating long and respective surface diagrams, as displayed in Figure 8B,
short hydrophobic side chains is strictly required for binding reveals these two molecules to be geometrically and elec-

288

ubl hPLIC-2
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trostatically complementary in their binding surfaces. Both hydrophobic surface with surrounding acidic residues (Figure
molecules are largely hydrophobic in their binding region 8). The electrostatic potential of this surface is complemen-
as indicated in white. Whereas the hydrophobic contact tary to the electrostatic potential of the surfaces used by
surfaces of both type 2 ubl domain proteins studied here andubiquitin and the type 2 ubl domains to bind S5a. The
of ubiquitin are bound by basic residues (shown in blue), surfaces within these proteins implicated in binding S5a are
that of both ubiquitin-binding sites in S5a is bound by acidic predominately hydrophobic with surrounding basic residues.
residues (shown in red). The largely hydrophobic nature of . . .

: L e e Interestingly, SUMO-1 shares a similar fold with the type
the Sba residues that are critical for binding ubiquitin, S . S . o

2 ubiquitin-like proteins and ubiquitin, but differs in its

g?rllg;ﬁgdgp tl;gl:;%rleBé;]sar%oesg llljkbelg/utlgﬁ c:rr]lg:g cczfltehgc\)l\r/:p?greerd electrostatic_ su_rface potential an_d does not bind Sba (Figure

to the binding of the type 2 ubl domains studied here. 4E). The ubiquitin structurgl motif shared by many proteins
has therefore evolved different electrostatic surfaces to

DISCUSSION perform distinct functions. Our comparison of the various
members of the ubiquitin family proteins highlights the

The Ubl Domains of hPLIC-2 and hHR23a Share a Highly importance of using protein surfaces for functional predic-
Consered Surface for Binding S5alVe have determined  tjons and correlations, rather than protein folds.

the structure of the ubl domain of hPLIC-2 and used this

structure to generate a homology-based model of the ubl o L
domain of hHR23a. The alignment used to generate this General Proteasome Bindinghe second ubiquitin-binding

model was based on aligning the secondary structural SIt€ Of S5 is required for hHR23 bindind3-15, 44). As

elements of hPLIC-2 and hHR23a, which were determined Shown in Figure 1B, the yeast homologue of S5a, Rpn10, is
by NMR spectroscopy (Figure 1A). The type 2 ubl domain short_er and lacks this second ublqu_ltln-blndlng site (_Pub$_2).
of hPLIC-2 was found to more closely resemble ubiquitin S5a is the only proteasome subunit that has been identified
than the type 1 ubl domain of SUMO-1. Each of the type 2 0 directly bind ubiquitin or hHR23. Yet yeast strains lacking
proteins binds S5a at a hydrophobic surface involving similar the gene homologue Rpn10 exhibit only minor growth
amino acids (Figure 6). The hydrophobic residues of the ubl defects, suggesting that other subunits of the proteasome may
domain of hPLIC-2 (A77, 175, 180, V101, and 1102) contribute to polyubiquitin chain recognitiod 19). We
correspond to A51, 149, 154, M75, and V76, respectively, suspect that the type 2 ubl domains of hPLIC-2 and hHR23a
of the hHR23a ubl domain. K82 in hPLIC-2 is also involved may not bind the yeast Rpn10 since it lacks PubS2. The role
in binding S5a and occupies a position very similar to that of the yeast homologues of hHR23a and hPLIC-2 in
of K47 in the hHR23a ubl domain. The S5a-binding surface degradation may be very different from the roles of the
was further confirmed by generating specific amino acid mammalian counterpart. Nevertheless, we tested whether the
substitutions in the binding surface of the ubl domain of S5a-binding surface that we identified in these type 2 ubl
hPLIC-2 that abrogated binding to S5a (Figure 4C). domains was required for proteasome binding. We found that
Ubiquitin Binds S5a More Weakly Than Do hPLIC-2 and the specific amino acid substitutions within the S5a-binding
hHR23a Ubl Domains through a Similar Hydrophobic surface of the hPLIC-2 ubl domain that abrogated binding
Surface.Mammalian S5a contains two ubiquitin binding to S5a also abrogated binding to the proteasome. This result
sequences with alternating long and short hydrophobic sideprovides the first evidence that the S5a-binding surface of
chains (4, 15, 44). Although our studies do not allow Us to  the hPLIC-2 ubl domain is required for proteasome binding.
distinguish between the binding of these segments by\ye do not exclude the possibility, however, that this same

monoubiquitin, we found the surface on ubiquitin that binds g, face might be binding other proteasome subunits.
S5a involves a surface similar to the S5a-binding surface of

the type 2 ubl proteins. Although the two ubiquitin-binding Understandlng the mechanisms by Wh'Ch. proteins are
segments in S5a share a similar sequence, since the structufiecruited to the proteasome for degradation could be
of S5a has not yet been determined, we do not know yet if important for de5|gn_|ng specific inhibitors of proteasome-
these segments differ in the context of the full protein. dependent proteolysis. In summary, we have determined the
The S5a interaction surface of ubiquitin that we have solution structure of the type 2 ubl domain of hPLIC-2. We

identified contains residues L8, V70, and 144, which had N@ve used this structure in combination with NMR data

been reported from mutation studies of tetraubiquitin as being Providing secondary structure information for generating a
critical for binding to the proteasomel7—49). The S5a model structure of the ubl domain of hHR23a. We have

interaction surface, however, is not restricted to these found that these two proteins share a highly conserved
residues. Charged and polar resides R42 and Q49 are alsgurface in their ubl domains that is important for S5a and
involved in binding S5a (Figures 5 and 6), and occupy Proteasome binding. This surface is modified in ubiquitin,
positions corresponding to 175 and 180, respectively, in the accounting for the weaker binding of ubiquitin to S5a that
hPLIC-2 ubl domain and to 149 and 154, respectively, in the we observe. The analogous surface on SUMO-1 has dramati-
hHR23a ubl domain. Furthermore, K82 in hPLIC-2 and K47 cally altered electrostatic properties, and SUMO-1 did not
in hHR23a are replaced with D52 in ubiquitin. These amino bind S5a. In this work, we have elucidated the proteasome-
acid differences provide an explanation for the weaker S5abinding surface of the ubiquitin family of proteins and have
binding that we observed for monoubiquitin than for either provided an example of proteins with similar folds that have
of the type 2 ubl domains that have been studied. evolved different surfaces to perform different functions. This

The electrostatic surface potential of the reported ubiquitin- study highlights the importance of studying protein surfaces,
or ubl-binding region of S5a reveals a predominantly rather than protein folds, for function predictions.

The Identified S5a-Binding Surface Is Required for
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