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ABSTRACT. Ubiquitin is a prominent regulatory protein in numerous biological processes, including targeted
protein degradation, endocytic sorting, transcriptional control, intranuclear localization, and retroviral virion
budding. Ubiquitin-associated (UBA) domains, ubiquitin interacting motifs (UIM), and coupling of ubiquitin
conjugation to ER degradation (CUE) motifs have been identified as ubiquitin receptors. The DNA repair
protein hHR23a has two UBA domains that can each bind ubiquitin in addition to an N-terminal UBL
domain that binds S5a and S2, two components of the 26S proteasome. Here we reveal hHR23a recognizes
ubiquitin through a predominately hydrophobic surface formed by residues withamda3 of each of

its UBA domains. These two UBA surfaces bind a region on ubiquitin that includes K48. These findings
have implications for published studies revealing that hHR23a inhibits K48-linked polyubiquitin chain
formation. In addition, by usingPN NMR relaxation experiments, we find that binding ubiquitin requires

a structural change in hHR23a. HHR23 proteins are hypothesized to link ubiquitin to S5a, and we provide
direct evidence that hHR23 could form a ternary complex with ubiquitin and S5a.

Ubiquitin first attracted attention, and is so named, becauseconjugation to ER degradation (CUE) domaih4,(15). The
of its cellular abundance. This 76-residue protein is highly structures of two CUE domairubiquitin complexes have
conserved from yeast to humans and is now linked to arecently been determined, one involving the yeast Cue2
variety of different cellular regulatory functions. Ubiquitin  protein determined by NMR1g) and the other involving
can be covalently attached to other proteins to signal targetedthe CUE domain of Vps9p determined by X-ray crystal-
degradation X), endocytic sorting Z, 3), transcriptional lography (7). Interestingly, whereas the yeast Cue2 CUE
activation and repressior,(5), and budding of retroviral ~ domain binds ubiquitin as a monomer, the Vps9p CUE
virions (6). The outcome of ubiquitylation depends on how domain functions as a diman vivo and undergoes domain
many ubiquitin moieties are attached and through which swapping to form a dimer interface that is required for high-
lysine residue these moieties are linked. affinity ubiquitin binding (7).

Covalent attachment of ubiquitin occurs via an enzyme  The DNA repair protein hHR23a has two UBA domains,
cascade, which begins with a thioester bond between theand the structure of each of them has been determined
C-terminal glycine of ubiquitin and a catalytic cysteine of Separately8, 19) and within the context of the full-length
an E1 ubiquitin activating enzymé,(8). Ubiquitin is then ~ protein @0). These domains are reported to bind ubiquitin
passed to an E2 ubiquitin conjugating enzyme, which may in yeast (1, 12) and in humans21), and hHR23a can
catalyze the formation of an isopeptide bond between Mitigate the degradation of other proteins by binding
ubiquitin and a protein substrate or transfer ubiquitin to an ubiquitin and inhibiting polyubiquitin chain formatior2{,

E3 ubiquitin protein ligase to perform this function. The cycle 22). The interaction of the UBA domains with ubiquitin has
is repeated to form polyubiquitin chains, the most well not yet been well characterized, although in the yeast
studied being K48-linked chains, which serve as a signal homologue Rad23, a single amino acid substitution in each
for recognition by the 26S proteasome, resulting in substrateOf the UBA domains (corresponding to L198A and L355A
proteolysis 9, 10). in hHR23a) destroys binding to ubiquitid], 23).

Interestingly, hHR23a also binds S2&(and S2 (in yeast)
(25), which are components of the 26S proteasome. Thus, it
has been hypothesized that hHR23a may link ubiquitylation
and the proteasom@3g, 26), although whether hHR23a can
simultaneously bind S5a and ubiquitin has not yet been
determined. HHR23a binds S5a through the ubiquitin-like
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both UBL and UBA domains have now been identified, and at 280 nm was measured for each protein in urea, and the
intramolecular interactions between UBL and UBA domains concentration of hHR23a used in thé—°N HSQC experi-
have been shown for hHR23a0Q) and hHR23b 27). UBL ments was 0.2 mM. The change in the chemical shift of the
domain binding to the UBA domains and to S5a, however, amide nitrogen and proton atoms was measured thrédgh
is mutually exclusive, and hHR23a loses its interdomain >N HSQC spectra and treated according to eq 1.
structure as a result of S5a bindir2(Qy.

Here we describe the hHR23abiquitin contact surface / 2 2
and describe how ubiquitin regulates hHR23a protein 0.2A0\" + Ady (1)
structure. In addition, we find that the UBA domains of an
hHR23a mutant (L198A/L355A), based on mutations identi-
fied in the yeast Rad23 homologue as deficient in ubiquitin
binding (1, 23), are unstructured. Finally, we examine
whether hHR23a can link ubiquitin to S5a by forming a
ternary complex.

In this equation,Ady and Ady represent the changes in
nitrogen and proton chemical shifts (in parts per million),
respectively.

Similarly, to characterize the UBA domain interaction
surface of ubiquitin, an NMR titration study was performed
where the'tH—15N HSQC spectrum offN-labeled ubiquitin
MATERIALS AND METHODS was monitored upon addition of increasing quantities of

unlabeled UBAL or UBA2. For the hHR23aibiquitin—S5a-

Preparation of NMR SampleslHR23a, hHR23a(L198A/  (196-307) ternary complex, we added S5a(3387) to a
L355A), and the single-domain construct of the UBALl sample containing 0.2 mM hHR23a and 0.5 mM ubiquitin
domain (UBAL) (C&P Biotech Corp.) were each cloned into in 1 mM DTT, 20 mM NaPQ (pH 6.5), and 100 mM NacCl.
the pGEX-6p expression vector in frame with the glutathione A H—*N HSQC spectrum was acquired at a 1:2.5:1
Stransferase (GST) fusion protein. Protein expression washHR23a:ubiquitin:S5a(196307) molar ratio.
induced in BL21(DE3) cells with 0.4 mM isopropy-p- NMR Dynamics StudiefRates for'®N longitudinal [Ry-
thiogalactoside (IPTG) at 37C. After affinity purification (N2)] and transverseRu(Nx)] relaxation and magnitudes of
on glutathione-Sepharose resin, the protein of interest was the heteronuclear NOE enhancements were recorded on
separated from the GST tag by cleavage with PreScissionhHR23a in complex with ubiquitin. These data were collected
protease. Further purification was achieved on an FPLC at 800 MHz, 25°C, and pH 6.5 on 0.2 mM hHR23a
system (Pharmacia), using either Superdex 200 [for h(HR23aubiquitin protein complex at a 1:2.5 molar ratio. In the
and hHR23a(L198A/L355A)] or 75 (for UBA1) preparative hHR23a-ubiquitin complex, hHR23a wasN-labeled and
columns. ubiquitin was unlabeledRy(Nz) and Ry(Nx) were derived

P. Young generously provided us with a plasmid for the by fitting data acquired with different relaxation delays to a
expression of S5a(196307) (13). Ubiquitin and UBA2 were  single-exponential decay function, and error values were
cloned into a pET expression vector in frame with a determined by repeating one data point. Two spectra were
polyhistidine tag and expressed in BL21(DE3) cells in the recorded for steady-state NOE intensities, onehveit4 s
same way as the GST fusion proteins. For both of these proton saturation to achieve the steady-state intensity and
proteins, the presence of a polyhistidine tag enabled purifica- the other as a control spectrum with no saturation to obtain
tion because it binds to NiNTA resin and elutes with 0.25 the Zeeman intensity. The process for the control spectrum
M imidazole. Further purification was accomplished by was repeated to determine error values. The heteronuclear
FPLC. Unlabeled ubiquitin was purchased (Sigma-Aldrich). NOE enhancements (XNOE) were then calculated from the

For all of the proteins studied here, we were able to ratio described in eq 2.
produce labeled samples for NMR spectroscopy, by growth
and expression in M9 minimal medium wittNH,Cl as the VH) Ry(HY < N,)

NMR Spectroscopyall NMR samples were dissolved in M
20 mM NaPQ (pH 6.5), 100 mM NaCl, 0.1% Naj\ and RESULTS
10% D,O. All spectra were acquired at 2& on a Varian
800 MHz NMR spectrometer. All spectra were processed The UBL Domain Experiences Chemical Shift Changes
using NMRPipe 28) and visualized in XEASY Z9). when the UBA Domains Bind UbiquitilHR23a contains
ubiquitin were obtained by acquiring atN-dispersed  compete for binding to an N-terminal UBL domai20j. The
NOESY spectrum on a sample containifig- and **N- UBA domains also bind ubiquitini(l, 12). We have used
labeled hHR23a and unlabeled ubiquitin at a 1:3 molar ratio. NMR spectroscopy to map the ubiquitin recognition surface
In such a spectrum, all amide to aliphatic NOE cross-peaks on hHR23a. Initially, we conductetH—15N HSQC experi-
are exclusively intermoleculaB(). This experiment was  ments to test for binding. We carried otii—5N HSQC

Ru(N) | @)

only source of nitrogen. XNOE = ‘
Intermolecular NOE interactions between hHR23a and an internal UBA domain and C-terminal UBA domain that

carried out with a mixing time of 200 ms. experiments with?*N-labeled hHR23a alone and with
Titration Experiments for Mapping the hHR23albiquitin increasing quantities of ubiquitin (Figure 1A).

Contact SurfaceTo characterize the interaction with ubig- To illustrate how each domain in hHR23a is affected by

uitin, an NMR titration study was performed where fie- ubiquitin binding, we have mapped the amide nitrogen and

15N HSQC spectrum ofN-labeled hHR23a was monitored hydrogen chemical shift changes for each residue according
upon addition of increasing quantities of unlabeled ubiquitin. to eq 1, as described in Materials and Methods. This
Concentrations were calculated by using extinction coef- information can be used to map binding surfaces, as the
ficients based on amino acid composition. The absorbancefrequency at which an atom resonates is sensitive to its
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Ficure 1. UBA domains of hHR23a bind ubiquitin. (AH—1N
HSQC spectrum of hHR23a alone (black) and at a molar ratio of
1:2.5 with ubiquitin (red). In the expanded region, an example of
the large chemical shift changes observed in the UBA domains is
depicted for two glycine residues. (B) Chemical shift perturbation

data treated according to eq 1, as described in Materials and ‘.l,.- ‘_

Methods.

chemical environment. These values are provided in Figure
1B, and clearly, the largest chemical shift perturbations
appear in the UBA domains. This finding is consistent with
ubiquitin recognition occurring in the UBA domains.

The XPC binding domain of hHR23a does not experience
significant chemical shift changes when the UBA domains
bind ubiquitin. However, resonances in the UBL domain are
shifted by hHR23a binding ubiquitin. We have mapped the
values of Figure 1B for the UBL domain onto a surface
diagram (Figure 2). In previous work, we found that the UBL
domain contacts each of the hHR23a UBA domak® and

Biochemistry, Vol. 42, No. 46, 20033531

Ficure 2: UBA domain binding surface of the UBL domain that
undergoes chemical shift changes when hHR23a binds ubiquitin.
The program GRASP3@) was used to generate this figure, and
the structure on the right is rotated 8@lative to that on the left.
The reported UBL domain coordinates for hHR23a were used to
generate this figure2Q).
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Ficure 3: Residues inel and a3 of UBAL1 and UBA2 have
intermolecular NOE interactions with ubiquiti®®N planes were
selected for each region showing amiddiphatic NOEs. NOEs
between amide protons are both inter- and intramolecular, a&d H
appears at 4.8 ppm.

unlabeled ubiquitin. In such a spectrum, all cross-peaks
between amide and aliphatic protons must be between
hHR23a and ubiquitin. Figure 3 includes selected nitrogen

those residues of the UBL domain that are perturbed by planes of amide resonances that contain NOE interactions
ubiquitin binding indeed reside in the UBA contact surface. with aliphatic protons. These residues are predominately
Hence, we hypothesize that the chemical shift changescontained withinal anda3 of UBAL and UBA2. Indeed,
observed in the UBL domain are due to a change in hHR23ang residue in the UBL domain has such intermolecular NOE
protein structure. interactions. This finding further suggests that the observed
Ubiquitin Binds a Surface Formed lyl and a3 of the chemical shift changes in the UBL domain are due to changes
UBA Domains.To determine unambiguously the ubiquitin in hHR23a protein structure.
contact surface of hHR23a, we acquired®8l-dispersed In Figure 4, we present the ubiquitin recognition surface
NOESY spectrum ont>N- and ?H-labeled hHR23a and of each UBA domain by depicting in color those residues
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B

Ficure 5: Electrostatic surface diagrams of UBAL (A) and UBA2
(B) reveal that the ubiquitin recognition surfaces are predominately
hydrophobic with acidic regions. The orientation of these figures
is identical to that of panels C and D of Figure 4. This figure was
generated by using GRASB4) and the coordinates of UBA1 and
UBAZ2 as solved in the full-length hHR23a protei0j.

likely to be important for overall UBA domain structure than
for binding ubiquitin (1). To test this hypothesis, we
acquired a'H—!*N HSQC spectrum of thé®N-labeled

: hHR23a(L198A/L355A) mutant. In this hHR23a mutant
Ficure 4: UBAL and UBAZ use an analogous ubiquitin recognition  construct, the resonances originating from residues in the

surface. Panels A and B show the secondary structure diagrams o : : ; . .
UBA1 and UBAZ2, respectively, such that the backbone atoms of BA domains lose their chemical shift dispersion (data not

al ando3 of UBA2 are superimposed onto the analogous atoms Shown), which is characteristic of randomly coiled peptides.
in UBAL. Residues with NOEs to ubiquitin are shown in red, and We tested this construct for ubiquitin binding and found it
L198 and L355 are highlighted in blue. In panels C and D, surface to be defective (data not shown).

diagrams of UBA1 and UBA2, respectively, are shown with those S B : :
residues showing intermolecular NOEs colored red. Prolines, which Ubiquitin B!nds Each UBA Domam. of hHR23a with an
lack amide protons, are colored black. The structures on the right AImost Identical SurfaceTo determine how the UBA

are rotated 180relative to those on the left, which are in the same domains of hHR23a are recognized by ubiquitin, we acquired
orientation as the structures in panels A and B. The program a 'H—1N HSQC spectrum of°N-labeled ubiquitin alone
?g%fosLlfssg)jVtvgsglésn%?;?egsgﬁé?ste gi”nec'ls S %F‘r?eBr'eap%?tggﬁsBi and with increasing quantities of unlabeled UBAL or UBA2.
domain coordinates for hHR23a were used to generate this figurem these expenments, each UBA domam_ ',S eXpr(,aSSEd as a
(20). single-domain construct. As expected, addition of either UBA

domain produces chemical shift changes in the-5N

that have intermolecular NOE interactions. Proline residues HSQC spectrum of ubiquitin. The measured chemical shift
are displayed in black as they lack amide protons, and we perturbations of ubiquitin amide resonances at equimolar
are therefore unable to determine whether they contactconcentrations with either UBA domain were treated ac-
ubiquitin by using this experiment. The ubiquitin recognition cording to eq 1. The results were then mapped onto the
surface of each UBA domain is largely hydrophobic with surface diagram of ubiquitin (Figure 6).
negatively charged regions (Figure 5). Interestingly, the CUE  The UBAL and UBAZ interaction surfaces on ubiquitin
domain of the yeast CUE2 protein uses an analogousare provided in panels A and B of Figure 6, respectively.
ubiquitin recognition surface, which is predominately hy- The electrostatic properties of this surface, which contains
drophobic (6). hydrophobic and positively charged residues, are comple-

Single-Amino Acid Substitutions in the UBA Domains mentary to those of the ubiquitin binding surface of the UBA
Disrupt Their Fold. Studies in yeast identified a Rad23 domains. This surface is analogous to the UBA binding
mutant that is defective for ubiquitin bindind%, 23). On surface of the hHR23a UBL domain and is formed by
the basis of these studies, we generated an analogous hHR233-strands. K48 of ubiquitin is within the UBA contact
protein construct in which L198 of UBA1 and L355 of surface, consistent with the finding that hHR23a blocks K48-
UBA2 are substituted with alanine. The side chains of each linked ubiquitin chain formation21).
of these leucine residues are directed toward the protein Ubiquitin Binding Disrupts the hHR23a UBL Domain
interior (Figure 4), and these residues are therefore moreUBA Domain Interaction.To test our hypothesis that the
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Ficure 6: UBAL (A) and UBA2 (B) bind the surface on ubiquitin that is formed fgtrands and includes K48. Panels A and B were

made by mapping the chemical shift perturbations observed iHhé N HSQC spectrum ofN-labeled ubiquitin from adding equimolar
guantities of UBA1 (A) and UBA2 (B). Residues labeled red, including prolines and those lacking chemical shift assignments, were omitted
from this analysis. Resonances originating from T9 and L71 disappear from the spectrum upon addition of UBA1. For clarity in panel C,

a stereoview of the secondary structure of ubiquitin is provided whereby residues that experienced chemical shift changes in the presence
of either UBA domain are displayed in blue and K48 is highlighted in red. The orientation of the structure displayed in panel C is identical

to that shown on the left side of panels A and B. The reported ubiquitin coordinates were used to generate thB6figure (

observed chemical shift changes in the UBL domain originate relaxation values for residues in the UBL domain decreased
from changes in hHR23a structure, we perforri®tiNMR substantially compared to their values in the free protein
relaxation experiments on the hHR23abiquitin complex (Table 1), indicating that this domain is tumbling in a more
at a molar ratio of 1:2.5 (Figure 7). These experiments probe labile manner when hHR23a is bound to ubiqui@@)( This
the internal dynamics of each residue and can be used tdfinding supports our hypothesis that ubiquitin binding to
identify flexible regions within a protein and to assess how UBA domains precludes UBL binding.
each domain tumbles. In the unbound hHR23a protein, the HHR23a Can Simultaneously Bind Ubiquitin and S&&e
relaxation data reflect the UBL domaityBA domain tested whether hHR23a can link ubiquitin to S5a by forming
interaction by fasRy(Nx) relaxation values20). a ternary complex. We used an S5a construct that spans
When in complex with ubiquitin, as in the free protein, residues M196 D307 [S5a(196-307)]. This construct con-
the linker regions connecting each of the four structured tains two UIMs and was previously shown to bind hHR23a
domains of hHR23a have faR{(Nz), slowRy(Nx), and large with an affinity equal to that of the full-length S5a protein
heteronuclear NOE enhancements. Such trends indicatg24). We acquired aH—°N HSQC spectrum ofN-labeled
flexibility, and in fact, the values in these regions change hHR23a with ubiquitin and S5a at a molar ratio of 1:2.5:1.
little upon addition of ubiquitin. In contrast, thigy(Nx) Indeed, we observed chemical shift perturbations consistent
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Alone (20) and in Complex with Ubiquitin Vps9p reveals that it undergoes domain swapping to form a
Ti(sH T, (sH XNOE dimer, which allows for high-affinity binding to ubiquitin
domain free complex free complex free complex (17). Inthis complex, ubiquitin interacts with L427 and V431
UBL 12 14 119 220 0.2 0.2 of a2. In contrast, in the CUE_ublqumn c_omplex c_iet_ermmed
UBA1 1.4 1.3 27.9 27.8 0.2 0.2 by NMR, the CUE domain recognizes ubiquitin as a
XPC binding 1.3 1.4 350 256 0.2 0.2 monomer through contacts withl anda3 (16). In addition
UBA2 1.4 14 300 256 03 02 to hHR23a, many other proteins contain more than one UBA

with the UBL domain binding S5a and the UBA domains domain (such as NUB1), and it is therefore conceivable that
binding ubiquitin. Figure 8A reveals chemical shift perturba- SUCh proteins could undergo domain swapping. Our studies

tion analysis in accordance with eq 1. Hence, hHR23a canWith hHR23a, however, support a binding mechanism similar
link ubiquitin to S5a (Figure 8B). to that used by CUE2, namely, that hHR23a recognizes

ubiquitin through contacts witlml and a3 of each UBA
DISCUSSION domain.

HHR23a is a member of a class of UBL/UBA proteins ~ The UBA domain binding surface of ubiquitin is formed
and has a UBL domain that binds S524( and UBA by g-strands and includes K48. This presence of K48 on
domains that bind ubiquitinl@, 12). Here we report that  the binding surface explains how hHR23a inhibits K48-linked
al and a3 of UBA1 and UBA2 form a predominately  polyubiquitin chain formationZ1, 22). K29- and K63-linked
hydrophobic surface that is used to bind ubiquitin. NOE Ppolyubiquitin chain formation is not inhibited by hHR23a
interactions with residues i3 are stronger than those (21), and indeed, each of those residues is remote from the
involving residues ix1, and it is in facii3 that forms the ~ UBA binding surface. Interestingly, hHR23a preferentially
UBL contact surface 20). Interestingly, the surface of binds K48-linked polyubiquitin chains over those linked via
ubiquitin that we identified here for binding UBA also binds K29 or K63, and this preference may exist because chains
UIMs (31) and CUE domains of Vps9{i.{) and yeast CUE2  linked by K48 provide consecutive UBA binding patches
(16), which suggests that each of these three motifs competeghat are simultaneously contacted by each of the hHR23a
for monoubiquitin binding. However, it is also possible that UBA domains 21).
individual domains behave cooperatively in binding poly- Ubiquitin binding causes a change in hHR23a structure
ubiquitin chains. Indeed, an hHR23a construct containing as an analogous region on the UBL domain surface also
both of the UBA domains affords stronger binding to K48- contacts UBA1 and UBAZ2. Indeed, an hHR23a construct in
linked tetraubiquitin than do those containing only one UBA which the UBL domain is deleted is suggested to bind
domain @1). polyubiquitin chains with higher affinity than the native
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protein @1). Therefore, it is likely that S5a enhances the 10
binding of hHR23a to polyubiquitin chains and vice versa,
which implies that S5a and hHR23 proteins could function 14
synergistically to promote substrate proteolysis by recruiting
certain polyubiquitinated substrates to the proteasome.
Indeed, a yeast strain lacking both Rad23 and Rpnl10 has
increased levels of multiubiquitinated proteir82);

We have found that S5a(19807) can bind the hHR23a
ubiquitin complex and, therefore, that hHR23a may function-
ally link ubiquitin with S5a and the proteasome. Here we
used a truncated S5a construct but expect that this construct
is representative of the full-length protein for the following
reasons. First, S5a(19607) and full-length S5a20Q, 33)
bind to the same region on hHR23a, namely, fhstrand
surface of the UBL domain. Second, the presence of an 80-
residue flexible linker separating the UBL domain from
UBA1 and our findings that hHR23a lacks interdomain
interactions when complexed with ubiquitin remove the

12

concern that the full-length protein may experience steric 19.

limitations not present for S5a(19807). Future experiments

are needed, however, to test whether hHR23a and S5a bind 20.
21.

polyubiquitin chains cooperatively.
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