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Abstract: Nanoelectrospray ionization-mass spectrometry and ion mobility-mass spectrometry

have been used to study the interactions of the large, multidomain, and conformationally flexible
deubiquitinating enzyme ubiquitin specific protease 5 (USP5) with mono- and poly-ubiquitin (Ub)

substrates. Employing a C335A active site mutant, mass spectrometry was able to detect the sta-

ble and cooperative binding of two mono-Ub molecules at the Zinc-finger ubiquitin binding protein
(ZnF-UBP) and catalytic site domains of USP5. Tetra-ubiquitin, in contrast, bound to USP5 with a

stoichiometry of 1 : 1, and formed additional interactions with USP5’s two ubiquitin associated

domains (UBAs). Charge-state distribution and ion mobility analysis revealed that both mono- and
tetra-ubiquitin bound to the compact conformation of USP5 only, and that tetra-ubiquitin binding

was able to shift the conformational distribution of USP5 from a mixture of extended and compact

forms to a completely compact conformation.

Keywords: ubiquitin specific protease 5; deubiquitinase; native electrospray ionization-mass spec-

trometry; traveling wave ion mobility spectrometry; noncovalent interactions; structural proteomics

Introduction

Mass spectrometry (MS) and ion mobility spectrome-

try (IMS), particularly when combined with nano

electrospray ionization (nESI), are rapidly becoming

indispensable tools in protein structural studies.1–4

Providing that the protein is electrosprayed from

aqueous, volatile buffers, such as ammonium ace-

tate, at physiological pH, elements of higher protein

structure can be maintained to a sufficient extent to

gain useful structural information.5 It is well

established that protein-small molecule, and

protein2protein interactions can survive the ESI

process to be detected, and quantified, by MS.6–10

Moreover, it is becoming clear that, despite some col-

lapse upon desolvation, biologically relevant informa-

tion regarding protein structure and conformation is

available from MS and IMS measurement.11–15 These

approaches have been used to study, for example, pol-

ydisperse proteins such as aB-crystallin, which are

difficult to probe by other techniques.16

Recently, we examined the conformationally

flexible enzyme ubiquitin specific protease 5 (USP5)

using MS and IMS-MS, and found evidence for two

distinct conformational forms based on charge state

distributions (CSDs) and collisional cross section

(CCS) measurement.17 USP5, also known as
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isopeptidase T (IsoT), is part of a family of deubiqui-

tinating (DUB) enzymes, whose role is to regulate

the ubiquitin system.18 Ubiquitination, a protein

PTM, is involved in many cellular regulatory mecha-

nisms, such as proteasomal degradation, and signal-

ing.19 Classically the C-terminus of ubiquitin (Ub) is

attached to lysine residues on selected target proteins.

Furthermore, poly-Ub chains can be assembled on tar-

get proteins by the successive linkage of additional Ub

moieties to one of seven internal K-residues, or the

N-terminal amino group. By utilizing different

K-residues to construct poly-Ub chains, a range of

poly-Ub linkage types, or topologies, is produced,

which results in the creation of a “ubiquitin code”.20

Labeled target proteins are then recognized by inter-

action of (poly)Ub modifications with ubiquitin bind-

ing domains (UBDs) found within receptor proteins,

which may result in degradation of the target, or a

particular signaling output. This process is negatively

regulated by DUBs, which disassemble poly-Ub

chains. USP5 specifically has a role in the degradation

of unanchored poly-Ub chains. These unanchored

chains, which have a free C-terminus, have been

demonstrated to be a physiologically relevant species,

and perform a number of regulatory roles.21–23

USP5 possesses five folded domains linked by

flexible loops.24 The catalytic domain is flanked by

two Zinc finger (ZnF) Ub-binding protein (UBP)

domains, and two Ub-associated (UBA) domains. Wil-

kinson and coworkers have studied the role of each

domain in binding poly-Ub substrates using a combi-

nation of mutagenesis, isothermal titration calorime-

try (ITC), and activity assays.18 The C-terminal ZnF-

UBP is known to possess a deep binding pocket to

accommodate the free C-terminus of unanchored

poly-Ub chains, which is used as the principal means

of selectivity for this type of poly-Ub.25 In contrast, no

direct evidence was found for direct interaction

between Ub and the (cryptic) N-terminal ZnF-UBP,

but the domain appears essential for catalytic func-

tion. The catalytic domain itself is of the papain-type,

and shows significant interaction with Ub, as evi-

denced by the X-ray crystal structure of USP5 with a

covalently attached, modified Ub suicide inhibitor.24

Mutation to the two UBA domains only affected inter-

actions with tri- and tetra-Ub, indicating that binding

to the UBAs occurs only with tri-Ub and longer

chains, and that these domains occupy a position dis-

tal to the C-terminal ZnF-UBP. The recent crystal

structure of USP5 confirms the relative positions of

the five domains, but raises a number of important

questions concerning the structure and dynamics of

the enzyme; in particular the orientation of the C-

terminal ZnF-UBP and the two UBAs with respect to

the catalytic domain.24

To provide further insights into substrate bind-

ing of USP5, and its effect on the structure of the

enzyme, we have examined the interactions between

catalytically inactive C335A-USP5 and mono- and

tetra-Ub using native MS and IMS. These techni-

ques were able to successfully reveal (i) cooperative

binding of two mono-Ub molecules to C335A-USP5,

(ii) increased affinity for poly-Ub chains, and—most

significantly— (iii) conformational change in C335A-

USP5 induced by binding of tetra-Ub.

Results

In order to examine the binding of poly-Ub chains to

USP5 we expressed and purified a C335A mutant of

the enzyme as described previously.17 This active

site mutant is unable to catalyze the hydrolysis of

poly-Ub chains, and thus forms stable complexes

with the Ub substrates. Additional mutations were

introduced to knock out binding at the C-terminal

ZnF-UBP (R221A/C335A-USP5), or the two UBA

(M643E/M711E/C335A-USP5) domains. To examine

the role of the key C-terminal region of mono-Ub on

interactions with C335A-USP5, DG75/G76 mutant

mono-Ub construct was also successfully expressed

and purified.

USP5 binding to mono-Ub

Addition of WT mono-Ub (2 lM) to C335A-USP5

(10 lM) resulted in the binding of one and two Ub

monomers (Fig. 1). It was readily apparent from the

spectrum that C335A-USP5•mono-Ub and C335A-

USP5•mono-Ub•mono-Ub complexes were observed

for the lower CSD only, and that the intensity of the

signals for the binding of two Ubs were significantly

greater than those for one Ub. Calculation of the

apparent dissociation constant (Kd), based on the

populations of one Ub bound-, two Ub bound-, and

unbound-C335A-USP5 taken from the signal inten-

sities seen in the mass spectrum yielded an approxi-

mate apparent Kd value of 2.5 (60.3) lM for the

first binding event. This value represented an aver-

age for the addition of 2, 3, and 4 lM mono-Ub to

C335-USP5 (10 lM) (see Materials and Methods).

The Kd value for the second binding event was too

low to be quantified using the concentrations of

binding partners required for detection by MS,

which indicated a high affinity interaction. In con-

trast to WT mono-Ub, the DG75/G76 mutant mono-

Ub bound only once to C335A-USP5 (Fig. 2), with an

apparent approximate Kd value of 26.7 (60.8) lM.

As binding with this mutant can only take place at

the catalytic site, it is evident that binding at the

ZnF-UBP domain is required for optimal interaction

at the catalytic site. It was very clear from these

data that positive cooperativity was exhibited during

binding of mono-Ub to C335A-USP5. To further sup-

port this, the use of a ZnF-UBP mutant of USP5

(Supporting Information Fig. S1) showed binding to

one mono-Ub moiety. Interestingly, the double UBA

mutant of C335A-USP5 bound WT-Ub in a manner

identical to C335A-USP5, which demonstrates that
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these domains are not involved in high affinity

interactions with mono-Ub (Supporting Information

Fig. S1).

We subjected the C335A-USP5•mono-Ub and

C335A-USP5•mono-Ub•mono-Ub complexes to IM-

MS analysis using traveling wave ion mobility spec-

trometry (TWIMS). The resulting CCS measure-

ments, summarized in Table I (see also Supporting

Information Figs. S3-S5), show that each bound Ub

monomer contributed 4.4 (60.02) nm2 to the overall

CCS of each complex. These findings were rather

surprising as the two high affinity sites for mono-

Ub, namely the ZnF-UBP and the catalytic site,

occupy quite different locations on the USP5 struc-

ture, which might be expected to produce complexes

with correspondingly different CCSs. Models of the

two C335A-USP5•mono-Ub complexes were con-

structed to investigate this phenomenon further.

Using as a template the output of a 2 ns gas-phase

MD simulation of USP5 reported earlier,17 mono-Ub

was docked either onto the ZnF-UBP or the catalytic

site domain by alignment with partial structures

2G45 and 3IHP from the Protein Data Bank, respec-

tively. Due to the presence of multiple clashes it was

found that gas-phase collapse following 2 ns of MD

was incompatible with mono-Ub binding in the

active site. The output following only 100 ps of MD

simulation, however, allowed mono-Ub to be accom-

modated by the active site domain without clashes,

and was utilized for the C335A-USP5 structure in

this case [Fig. 3(A)]. These findings indicated that

structural collapse of C335A-USP5 around the prox-

imity of the catalytic site may have been prevented

by the presence of mono-Ub in that location. Due to

its peripheral position, no such stabilization was

expected when mono-Ub bound the ZnF-UBP

domain, and the 2 ns MD structure was retained for

this model [Fig. 3(B)]. Calculation of the theoretical

CCS for the two mono-Ub binding modes yielded val-

ues of 57.2 nm2 and 56.9 nm2 for the ZnF-UBP and

catalytic site domains, respectively. The two CCSs

are similar in magnitude, and �4 nm2 larger than

the theoretical CCS of unbound, thus closely mim-

icking the experimental results described above.

Moreover, the experimental CCS for the complex

between USP5 and DG75/G76-mono-Ub was deter-

mined to be 55 (60.7) nm2. This mono-Ub mutant

Figure 1. nESI-MS of C335A-USP5 (10mm) in complex with

mono-Ub (2 mm). Highlighted are the extended USP5 con-

former (red), compact USP5 conformer (black), and the

USP5•mono-Ub complex (1 Ub moiety bound in blue, 2 Ub

moieties bound in brown).

Figure 2. nESI-MS spectrum of C335A-USP5 (10 mm) in

complex with DG75/G76 mutant mono-Ub (2 mm). Extended

USP5 conformer (red), compact USP5 conformer (black) and

the USP5.mono-Ub complex (1 Ub moiety bound in blue).

Table I. The Molecular Masses, and Measured and Theoretical Collisional Cross Sections (CCS) for USP5 and Its
Ubiquitin Complexes

Protein complex Molecular Mass/Da

Mean CCS/nm2

Experimentala Theoretical

USP5 93,792 50.2 (61.9) 53.5
USP5�mono-Ub 102,357 54.7 (60.9) 57.2,b 56.9c

USP5�mono-Ub�mono-Ub 110,922 59.0 (60.7) —
USP5�DG75/G76-mono-Ub 102,243 55.2 (60.7) —
USP5�tetra-Ub 127,980 66.1 (61.4) —

a Mean CCS are derived from the IM drift-trace peak maxima for each charge state detected (see Supporting Information
Fig. S7-9 for drift trace plots). Errors are 6 standard deviation.
b ZnF-UBP-bound.
c catalytic site-bound.
- indicates not calculated.
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should bind at the catalytic site domain only, and

the fact that it produces a complex with a very simi-

lar CCS to that of WT-mono-Ub also supports the

notion that the two binding events lead to similar

size complexes (at least within the limits of the rela-

tively modest IM resolution available).

USP5 binding to tetra-Ub
To investigate the binding of a poly-Ub substrate to

USP5, we utilized K63-linked tetra-Ub. Addition of

this poly-Ub chain to C335A-USP5 resulted in a

complex with an apparently high affinity interaction

(Fig. 4). In the presence of 0.5 molar equivalents of

tetra-Ub, a 1 : 1 ratio of bound to unbound C335A-

USP5 was observed, and when 1 equivalent of

tetra-Ub was added, a single set of signals for the

C335A-USP5•Ub4 complex was seen with very little

uncomplexed protein [Fig. 4(C)]. As with the second

binding event of mono-Ub, the affinity of the interac-

tion was too high to quantify by MS. Interestingly, it

was clear from the spectra in Figure 4 that the bind-

ing of tetra-Ub had a dramatic effect on the CSD of

C335A-USP5. Previously we had shown that two dis-

tinct CSDs were visible for the unbound enzyme, as

seen in Figure 4(A). With the addition of tetra-Ub,

the higher CSD became increasingly depleted [Fig.

4(B,C)], which demonstrates that the structural

forms responsible for the low and high CSDs seen

in the MS are in equilibrium, and that the position

of the equilibrium can be shifted by binding to

tetra-Ub.

In contrast to that seen with mono-Ub, the com-

plex between tetra-Ub and C335A-USP5 was

affected by UBA domain mutations, which confirms

that longer poly-Ub chains interact, presumably by

avidity effects, with the UBA domains (Supporting

Information Fig. S2).

IM-MS measurement of the C335A-USP5•tetra-

Ub complex showed a significant increase in CCS for

the bound species over the unbound (low CSD in

both cases), as was to be expected for the addition of

a large protein such as tetra-Ub (see Table I). The

CCS of the complex was 16 nm2 larger than that

C335A-USP5 alone. Interestingly, this corresponded

to 4 nm2 per Ub unit, which is relatively similar to

the 4.4 nm2 increase seen for mono-Ub.

Figure 3. Molecular models of USP5 with mono-Ub bound at (A) the active site domain and (B) the ZnF-UBP domain showing

the similar dimensions of the two complexes (calculated CCSs 5 56.9 nm2 and 57.2 nm2, respectively).

Figure 4. nESI-MS spectrum of C335A-USP5 (10 mm) (A)

alone, (B) with 5mm, and (C) with 10mm K-63 linked tetra-Ub.

Highlighted are the extended USP5 conformer (red), the com-

pact USP5 conformer (black) and the USP5•tetra-Ub com-

plex (blue).
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Discussion

nESI-MS measurements for the interaction of

C335A-USP5 with mono-Ub showed a clear stoichi-

ometry of 1 : 1 and 1 : 2 for C335A-USP5:mono-Ub.

A relatively high affinity complex (2.5 lM) for the

first mono-Ub binding event was seen, and a very

high affinity for the second binding event detected.

Although this second mono-Ub interaction was too

strong to quantify, based on previous experience10

and the MS signal intensities observed for USP5, we

can place an upper limit on the associated Kd of

100 nM. This> 20-fold increase in affinity reveals

strong positive cooperativity in the binding of mono-

Ub to USP5. A similar result was obtained by Wil-

kinson et al. using ITC.18 They determined Kd val-

ues of �600 nM and 20230 nM for the first and

second binding events, respectively. The highest

affinity site for mono-Ub binding to USP5 is believed

to be at the ZnF-UBP domain, which—as an isolated

domain—has been found to possess Kd values for

mono-Ub of 2.3 and 2.8 lM, based on two independ-

ent measurements using different biophysical tech-

niques.10,25 It is noteworthy that these numbers are

in excellent agreement with our estimate for the sin-

gle mono-Ub binding to full-length C335A-USP5.

Interaction between the C335A-USP5 catalytic site

domain and mono-Ub is believed to be of lower

inherent affinity, but clearly binding here is greatly

enhanced by the presence of mono-Ub at the ZnF-

UBP site. As expected the DG75/G76 mono-Ub

mutant exhibited reduced affinity for C335A-USP5,

as it is unable to bind the ZnF-UBP domain.

IM-MS measurement of the C335A-USP5•Ub

complexes showed that each mono-Ub binding event

contributed �4.4 nm2 to the CCS. Although the ZnF-

UBP binding site is in a more peripheral position on

the USP5 structure, and a Ub unit in that position

might, therefore, be expected to make a greater con-

tribution to the CCS, modelling indicates that mono-

Ub binding at the active site prevents partial struc-

tural collapse. The result is two structures with very

similar CCSs, despite the different locations of the

bound Ub monomer.

Addition of K63-linked tetra-Ub to C335A-USP5

resulted in a clear, very high affinity, 1 : 1 binding

as judged by nESI-MS. No free tetra-Ub signals

were present in the spectrum, indicating that 100%

bound to C335A-USP5. ITC measurements by Wil-

kinson et al. reveal a Kd� 2 nM for this interaction,

which is consistent with such behavior. The most

notable result was the depletion of high CSD

C335A-USP5 ions as tetra-Ub was titrated into the

enzyme solution (see Fig. 4). Previously we have

shown that C335A-USP5 exhibits two well-defined

CSDs: a major one between 171 and 211, and a

minor distribution between 241 and 291.17 These

were attributed to compact and extended conforma-

tions of C335A-USP5. It is clear from Figure 4 that

the USP5•tetra-Ub complex only exhibits relatively

low charge states, and that when one equivalent on

the poly-Ub is added, no high CSD is visible in the

spectrum. This is a significant result, as it indicates

that the high and low CSDs represent species that

are capable of inter-conversion in solution, and that

tetra-Ub binding is able to shift this equilibrium dis-

tribution in favor of structures that give rise to the

low CSD. USP5 contains a number of highly flexible

loop regions between its folded domains, which are

not seen by X-ray crystallography. It may be that

the high CSDs seen in the MS are derived from

structural states with these loops in a more

extended conformation, which gives rise to greater

separation between domains, and a resulting higher

CSD and CCS. Upon binding tetra-Ub the USP5

domains appear to occupy a more compact structure,

as they make contact with the various units of the

poly-Ub. Functionally, such structural flexibility

may serve to accommodate the various possible top-

ologies of poly-Ub that arise due to different chain

linkages and may also be important in the catalytic

process itself. It should also be pointed out that

mono-Ub, in binding to the lower charge states of

C335A-USP5 only, may also be capable of altering

the conformation of the enzyme. The relatively low

affinity of this interaction prevented us from satu-

rating C335A-USP5 with mono-Ub and observing

any significant shift in the overall charge state

distribution.

In summary, we have demonstrated that nESI-

MS can be used to detect the complexes of C335A-

USP5 with mono- and tetra-Ub. For the lower affin-

ity interactions, we have been able to quantify these

interactions. MS clearly revealed the stoichiometry

of USP5•Ub binding, and allowed detection of coop-

erativity. Changes in CSD upon tetra-Ub binding

provided insights into the equilibrium between

extended and compact forms of USP5.

Materials and Methods

Protein expression and purification

The protein coding region of full length short human

USP5 (residues 1-835) was cloned from PCR ampli-

fied human U20S cDNA and ligated into the

BamHI/XhoI sites of pGEX-4T-1 (GE Healthcare,

Buckinghamshire, UK). Mutations to this construct

(C335A, R221A, and M643E/M711E) were intro-

duced by site-directed mutagenesis (QuikChange kit,

Stratagene, Agilent, Stockport, UK) and confirmed

by DNA sequencing. The expression and purification

of USP5 was carried out as described previously.17

Subsequently USP5 samples were desalted into

aqueous ammonium acetate (200 mM, pH 7) using

Viva-Spin ultrafilters (10 kDa MWCO, 0.5 mL,

Scott et al. PROTEIN SCIENCE VOL 24:1257—1263 1261



Sartorius Stedim Biotech, Epsom, UK), and quanti-

fied by nanodrop. Concentrate solutions were diluted

into ammonium acetate (200 mM, pH 7) to the

desired concentration.

Wild type and DG75/G76 mutant mono-Ub were

expressed and purified as previously described.26

K-63 linked tetra-Ub was purchased (Boston

Biochem, MA).

Mass spectrometry

Nanoelectrospray ionisation mass spectrometry

experiments were performed on a Waters (Altrin-

cham, UK) Synapt G1 High Definition Mass Spec-

trometer (HDMS)—a hybrid quadrupole/ion

mobility/orthogonal acceleration time of flight (oa-

TOF) instrument, equipped with the standard

Waters nanospray source. Home-made nanospray

tips were prepared as previously described.17

The instrument was operated in positive-ion

mode, under the following optimized nESI-MS

parameters: Capillary voltage, 1.3 kV, sample cone

voltage, 30V, extraction cone voltage, 5V, backing

pressure 4.024.2 mBar. The “trap” and “transfer” T-

wave collision cells, containing argon gas held at a

pressure of 2.5 3 1022 mBar, were operated at a col-

lision energy of 10 V. The oa-TOF-MS was operated

over the scanning range of m/z 50028000 at a pres-

sure of 1.8 3 1026 mBar. The instrument was con-

trolled and data viewed using MassLynx 4.1

software (Waters).

Using nESI-MS, Kd values for Ub•C335A-USP5

complexes were determined by titration of USP5,

fixed at 10mM with 2/3/4 mM monoubiquitin. nESI-

MS analysis of the resulting solutions was used to

determine ratios of signal intensities attributed to

free C335A-USP5 and C335A-USP5•Ub ions. Pro-

viding that the electrospray response factors for the

bound and unbound USP5 ions are similar and that

minimal dissociation of the complex occurs post-

desolvation, then measured ratios can represent

those present in solution. See Supporting Informa-

tion for equation derivitization.

Ion mobility-mass spectrometry
The TWIMS ion mobility cell, which contained nitro-

gen gas at 0.45 mBar, was operated at ambient tem-

perature with a wave-height of 10 V traveling at

300 m/s. Travelling wave parameters for the “trap”

and “transfer” were: Trap 300 m/s, 0.5 V and transfer

248 m/s, 4 V. Other instrument parameters were as

described above. TWIMS measurements on USP5

and USP5-ubiquitin complexes were calibrated,

using identical instrument parameters, against a set

of standard CCS values for beta-lactoglobulin,

bovine serum albumin (BSA), and alcohol dehydro-

genase (ADH) (Sigma-Aldrich, Dorset, UK) taken

from Bush et al.27 using the method of Ruotolo

et al.28 (see Supporting Information Figs. S6-S6). IM

drift traces for each ion of USP5 and USP5-

ubiquitin complexes were exported into Excel

(Microsoft) and the arrival time data points con-

verted onto the CCS scale using the calibration

parameters obtained. This allowed the drift traces

for each ion to be plotted on a CCS scale, with

charge state correction. The combined calibration

plot obtained displayed excellent linearity

(R2 5 0.999; see Supporting Information Fig. S9).

Models of USP5•mono-Ub with binding at the

catalytic site and ZnF-UBP domains were con-

structed from the USP5 gas-phase MD outputs

obtained previously.17 To represent occupancy of the

catalytic site, PDB file 3IHP was aligned to the 100

ps MD output of USP5 using Pymol. This structure

shows mono-Ub covalently bound to the active site.

The USP5 atoms from 3IHP were deleted, leaving

the MD output and mono-Ub. A similar process was

performed to generate the USP5 ZnF-UBP-bound

complex, but using PDB file 2G45 to align to the 2

ns MD output of USP5. The 2G45 structure shows

mono-Ub bound to the isolated ZnF-UBP domain.

The theoretical CCS of each structure was obtained

using the Waters projection approximation (PA) CCS

calculator (DriftScope 2.1 CCSCalc program), and

scaled by the established empirical correction factor

1.14 to produce a more realistic measure of CCS.29

The PA method of calculating CCSs, which has the

advantage of computational speed, is known to

underestimate the size of large biomolecules by a

constant factor (ibid).
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