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ABSTRACT: Ubiquitin interacts with numerous domains and
motifs in its lifetime that vary in structure but bind the same
hydrophobic patch. To identify the structural features of ubiquitin
that make it an exceptional protein—protein interaction partner, we
have studied the interaction of ubiquitin with the signal transducing
adaptor molecule-1 ubiquitin interacting motif (UIM) using nuclear
magnetic resonance. Our studies bring to light the role of the
inherent backbone flexibility of ubiquitin in its interactions with a
large array of binding partners, revealed from the changes in C,
chemical shifts, backbone dynamics, and hydrogen bond lengths
upon UIM binding. The crystal structures of ubiquitin complexes

b i)

|:>Heterogeneity in the crystal
structures

C, changes

lend further support to our findings, underscoring the importance of the unique and flexible hydrogen bond network within
ubiquitin and simultaneously providing insights into the nature of the slow motions. Taken together, our studies provide an in-
depth view of the molecular changes associated with ligand recognition by ubiquitin.

biquitin is a remarkable protein, with innumerable

noncovalent interactions playing a vital role in the
regulation of a multitude of cellular processes. A diverse range
of ubiquitin binding modular elements are known,' ™3 viz., a-
helical (UIM) ubiquitin interacting motif, three-helix bundle
(UBA), ubiquitin-associated domain, GAT, and CUE, with
mixed a—p structure as in ubiquitin E2 variant domain (UEV),
that bind ubiquitin with high specificity. Interestingly, these
interactions can be grouped into three categories based on the
binding site: (a) solvent-exposed hydrophobic patch surround-
ing Leu 8, Ile 44, and Val 70,* (b) the C-terminal tail
encompassing Gly 76,> and (c) the Thr 55—Asn 60 region of
ubiquitin.*

Comparison of the interaction surface of ubiquitin in its
complexes suggests that majority of the interactions are
mediated by the hydrophobic patch.* It is perplexing how a
single ubiquitin molecule recognizes such a diverse range of
binding partners. Given the structural diversity of its ligands
and the variation in specificity, multiple structural determinants
of ubiquitin recognition probably exist for each partner.
Identification of the structural features of ubiquitin that play
an indispensable role in its recognition is necessary to
understand the regulation of ubiquitin-mediated pathways. A
few recent studies have highlighted the importance of a rigid
hydrophobic core, coupled to highly flexible side chains, in
governing the recognition process of ubiquitin.*’ A recent
review compared 24 molecules of ubiquitin obtained from 18
high-resolution X-ray structures and concluded that at least 39
residues in ubiquitin have flexible side chains while the rest
form a conserved hydrophobic core.'® Ubiquitin still remains a
mystery with regard to its expanding number of interactions.
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Ubiquitin—UIM interaction emerges as an ideal candidate for
exploring the molecular mechanism of ubiquitin recognition,
because of a large body of available structural data. Moreover,
the interaction is highly important in endosomal sorting
machinery (ESCRT), targeting ubiquitinated cargo to the late
endosomes or lysosomes.11 Biochemically, the interaction is
akin to any other protein—protein interaction, primarily
governed by hydrophobic and electrostatic forces.'* The UIM
attains a helix—loop—helix conformation, and the leucines of
UIM interact with the three hydrophobic residues of ubiquitin,
namely, Ile 44, Val 70, and Leu 8. The glutamates of UIM form
electrostatic interactions with Arg 42, Arg 72, Lys 6, and Gly 47
of ubiquitin. Sequence comparison studies suggest that the
UIM sequences can be narrowed down to the consensus
sequence X-Ac-Ac-Ac-¢p-X-X-Ala-X-X-X-Ser-X-X-Ac-X-X-X-X,
where ¢ is a hydrophobic residue, Ac is an Asp or Glu, and
X is a variable residue. The conserved residues in the
aforementioned sequence of UIMs if mutated cause a marked
reduction in binding affinity, and function, underscoring their
importance in the interaction.'® For example, mutation of a Ser
residue eliminates ubiquitin binding completely in pull-down
assays while mutation of Ala to an Asp weakens binding."*

A major bottleneck in characterizing protein—ligand
interactions is their dynamic nature. It is difficult, if not
impossible, to follow the changes upon ligand binding.
Furthermore, it is challenging to experimentally trap and
observe the weakly populated, ligand-bound conformations. At

Received: April 3, 2012
Revised:  September 25, 2012
Published: October 4, 2012

dx.doi.org/10.1021/bi3004268 | Biochemistry 2012, 51, 8111-8124


pubs.acs.org/biochemistry

Biochemistry

this juncture, nuclear magnetic resonance (NMR) spectroscopy
comes to the rescue. The sensitivity of NMR in the observation
of the sparsely populated conformations and the tracking of
their minutest changes is unmatched. Moreover, the technique
works efficiently for extremely weak interactions, which are
most commonly encountered in biological systems, and thus
can be used to study motions anywhere in the millisecond to
picosecond range.">™"®

Using NMR, we have closely followed the changes in
ubiquitin upon binding to a UIM of signal transducing adaptor
molecule-1 (STAM1), a representative of the multiple ubiquitin
binding domains present in the endosomal sorting complex
transport (ESCRT) machinery. ESCRT proteins are important
for endosomal sorting, and dysregulation of these proteins leads
to cancer and even neurodegeneration.'” A single ubiquitin
modification is sufficient for the entry of the cargo protein into
the multivesicular bodies.”® We are trying to address the major
question of the structural features of ubiquitin that impart it
with the unique ability to bind a wide range of structures. Our
studies shed light on the unusual backbone flexibility of
ubiquitin, disclosed by the changes in backbone conformation,
hydrogen bond lengths, and dynamics upon ligand binding.
Besides, the unique hydrogen bond network that makes the
surface of ubiquitin fluid-like is another important factor
contributing to its remarkable ligand diversity.

B EXPERIMENTAL PROCEDURES

Unlabeled and *N- and "*C-labeled proteins were expressed in
Escherichia coli and purified as described previously.”'

Acquisition of NMR Data. NMR samples consisted of
[U-'H,N,"*C]protein, in 50 mM sodium phosphate buffer
(pH 6.0), 0.5 mM sodium azide, 90% H,0, and 10% D,0. A
protein concentration of 1—2 mM was used throughout this
work. The STAM1 peptide with an “Ace-KEEEDLAKAIELS-
LKEQRQQ-NH,” sequence spanning residues 171—190 was
chemically synthesized.

All NMR experiments were performed on a Bruker Avance
III 700 MHz spectrometer equipped with a TCI cryoprobe
installed at the National Institute of Immunology. NMR data
were processed on a workstation runnln% Red Hat Enterprise
Linux 5 O using NMRPipe/NMRDraw,” and analyzed using
Sparky.”® The data were multiplied by a phase-shifted sine bell
apodization function in all dimensions.

"H—"N HSQC spectra were acquired using 1024 data points
in the t, dimension and 512 data points in the ¢, dimension.
CBCAcoNH, HNCACB, and HNcoCA spectra were acquired
with 1024 (t;) x 48 (t;) X 24 (t,) points. C—"N-filtered,
*N-edited NOESY spectra were acquired with 1024 points in
the ¢; dimension, 20 points in the ¢, dimension, and 40 points
in the ¢, dimension. '"H TOCSY spectra were acquired with
1024 points in the t, dimension and 512 points in the ¢,
dimension. Data were linearly predicted in the forward
direction for up to half the number of experimental points in
the indirect dimensions. "N—"3C spectra were referenced
indirectly using sodrum 2,2-dimethyl-2-silapentane-S5-sulfonate
(DSS) as a standard.** For temperature studies, methanol was
used as an external standard.”®

For peptide titrations, 'H- and *N-labeled ubiquitin was
titrated with increasing concentrations of the unlabeled peptide
in small aliquots (total volume of the added peptide of SO uL).
Nonlinear least-squares analysis of the chemical shift changes,
A5/AS, (change in chemical shift/maximal change in

chemical shift), as a function of ligand concentration was
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employed to determine estimates for Ky using the following
equation:

A8/AS,,,,

], + Ky

=y
(2L
J_r\/(

/(2[P],)

C+ Ky = 4P|

(1)

where [P], represents the total concentration of the protein,
[L]; represents the total concentration of the ligand, Ad is the
measured chemical shift change at each ligand concentratmn,
and A8, is the maximal change in chemical shift.*®

Relaxatlon experiments (**N T;, N T,, and “N{'H} NOE)
were conducted on a Bruker Avance III 700 MHz NMR
spectrometer at 278 K as described previously.”” In the case of
T, and T, measurements, 24 transients were acquired per
experiment and a total of 256 (t;) X 2048 (t,) complex points
were acquired. SN T, relaxation delays of 0.01, 0.02, 0.04, 0.08,
0.16, 0.32, 0.64, 0.96, and 1.28 s were used with the inversion
recovery pulse sequence. °N T, Carr—Purcell-Meiboom—Gill
(CPMG) relaxation rates were measured using a CPMG pulse
sequence with relaxation delays of 0.01, 0.03, 0.05, 0.07, 0.09,
0.11, 0.13, 0.15, 0.17, 0.19, 0.21, 0.23, and 0.25 s. An interpulse
delay of 0.9 ms was used between two "N 180° pulses in the
CPMG sequence. NOE measurements were taken using a total
of 32 transients per t; experiment with 2048 (t,) X 128 (t,)
points.”” A recycle delay of 1.5 s was used throughout this
work. All three sets of experiments were acquired as duplicates.

>N constant-time CPMG relaxation dispersion experiments
were also conducted at 278 K on a 700 MHz NMR
spectrometer equipped with a crypoprobe using pulse
sequences as described previously.”® Perdeuterated “N- and
3C-labeled ubiquitin samples were used to observe the
maximal contribution from the conformational exchange
process. A 7cp (constant-time delay) was set to 40 ms. A
reference spectrum was acquired, without a constant-time
CPMG element, along with 11 spectra with varying CPMG
frequencies, viz., 25, 50, 100, 150, 200, 250, 300, 400, 600, 800,
and 1000 Hz, in duplicate. Twenty-four scans per free induction
decay (FID) were recorded with a relaxation delay of 2.5 s. The
pseudo- three dimensional data were processed usm§
nmrPipe,”” and peak intensities were measured using Sparky.”

Relaxation Data Analysis. The relaxation data were
analyzed using Sparky.” Intensities of the amides were
obtained by measuring heights of the peaks in the spectra,
and T, and T, values were obtained by nonlinear regression of
single-exponential decays. Uncertainty in peak height was
determined from duplicate spectra acquired independently.
Sparky2rate script (http://xbeams.chem.yale.edu/~loria/
sparky2rateDr.Patrick].Loria, Yale University, New Haven,
CT) based on CURVEFIT (A. G. Palmer III, Columbia
University, New York, NY) was used to convert the relaxation
time from the duplicate spectra into relaxation rates and to
calculate the standard deviation. The N{'H} heteronuclear
steady state NOE was calculated from the I,,/I ., ratio, where
I, and I, are the peak intensities in the spectra collected
with and without proton saturation, respectively.

N transverse relaxation data were analyzed usrng the
extended model free approach using FAST-Modelfree.”® A SN
magnetogyric ratio of —2.71, a CSA of the "N atom of —160,
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and an N—H bond distance of 1.02 A were used. An axially
symmetric model for rotational diffusion appeared to best fit
the experimental data. An axially symmetric rotational diffusion
tensor with a D /D, ratio of 0.8 & 0.01, a 6 of —56.66, and a ¢
of —63.74 for free ubiquitin and a DH/DL ratio of 0.71 + 0.01, a
0 of —62.63, and a ¢ of —13.4 for ubiquitin bound to UIM were
used. The following five models were used to describe the spin
relaxation data: $* (model 1), S* and 7, (model 2), $* and R,
(model 3), S% 7., and R, (model 4), and S 7,, and SZ (model
5). $* is the order parameter, with values between 0 and 1, used
to fit the amplitude of internal motions on the picosecond to
nanosecond time scale. S is the order parameter for fast
motions. 7, is the effective correlation time for internal motions.
R, represents chemical and/or conformational exchange for
the microsecond to millisecond motions. A y* test was used to
confirm the goodness of fit.

In the case of >N transverse relaxation dispersion experi-
ments, R, was extracted from a series of CPMG constant-time
relaxation dispersion experiments using NESSY*° according to
the equation

Rzeff = 1/Tepmg In[1(0)/1(tcpyc) ] ()

where Tcpyg is the constant CPMG time, I(0) is the intensity
of the peak in the reference spectrum, and I(vcpyg) is the
intensity of the peak at the CPMG frequency (Vcpyg)-
Dispersion profiles of the residues were fit individually to
different models that are distinguished from one another on the
basis of the exchange processes using the automated fitting
software NESSY:*

(a) Model 1 with no exchange, ie., R = RO

(b) Model 2 with two-state fast exchange:

4
R, =R,’ + ¢/kex[1 - % tanh(kex/4VCPMG)]

®3)

where ¢ = p,p.ow’.
(c) Model 3 with two-state slow exchange using the
Richard—Carver equation®' (eq 4)

R, = R, + kot/2 = e
cos h_l[DJr cosh(n+) — D_cos(n)] (4)

where

vepm = (T + pwigee) /2

D = %[il + (¥ +2607) /(¥ + &)%)
n, =[x¥ + (P* + 52)1/2]1/2/(2\/2VCPMG)
¥ =k, - d0’

5 = _lew(pakex - pbkex)

where vepyg is the field strength of the CPMG spin-echo
pulses, 7, is the delay between two consecutive 180° 5N
refocusing pulses, pa - is the pulse width, R,” is the transverse
relaxation rate constant in the absence of exchange, p, and p,
are the equilibrium populations at the two sites, k., is the
exchange rate constant, and dw is the chemical shift difference
between the two sites.
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From this analysis, the following parameters were obtained:
(a) the rates of interconversion (k,,), (b) relative populations of
exchanging species (p,), (c) differences in chemical shifts
between the two species (Adwy), and (d) y,.,> for individual
fits. Global fitting of the residues was also conducted, and the
sites experiencing conformational dynamics distinct from the
global process were identified on the basis of the high ;(gmupz/
Jres: 1atio. This was an iterative fitting process, and the residues
displaying a ngupz/ Yees” Tatio of <2 were removed one by one
from the cluster after each round of fitting, until all the fitted
residues displayed a )(gmupz/ Yool value of <2.

Trans Hydrogen Bond Scalar Couplings. Trans hydro-
gen bond scalar coupling ("}Jyc/) experiments were conducted
on an Avance III Bruker 700 MHz NMR spectrometer
equipped with a triple-resonance TCI probe. A long-range
HNCO experiment optimized for the detection of ~1 Hz
couplings that allows direct identification of N—H:C=O
hydrogen bond donors and acceptors in solution through trans
hydrogen bond "y scalar couplings was used.** Couplings of
~15 Hz [Jn()c(-1)] across the hydrogen bonds are suppressed
in the experiment. NMR data were acquired for two separate
sets of experiments, each set comprising (a) a reference HNCO
experiment and (b) the long-range HNCO hydrogen bond
experiment using 24 and 96 scans, respectively. For a hydrogen
bond, with a as a donor and b as an acceptor, the size of the
h3ec coupling constant was calculated quantitatively from
cross-peak intensities of the two experiments using eq 5:*

h3]NC' = [(Ilr/Iref) (Nref/Mr)]l/z /(271'T) (5)

where I, is the intensity of the cross-peak in the long-range
HNCO experiment, I is the intensity of the cross-peak in the
reference experiment, N, is the number of scans used in the
reference experiment, and Nj, represents the number of scans
used in the long-range experiment. The N,¢/Nj, ratio corrects
for the discrepancy in the number of transients averaged per
FID in the two experiments. The value of T was set to 66.6 ms
in the experiments. The uncertainties in couplings were
estimated using eq 6

() = 05 ) (o 1)}/ (1,)] (6)

where oI}, is the uncertainty in intensity, measured as the
standard deviation of the signal intensity in a region of the
spectrum with no cross-peaks. The scalar coupling constants
are extremely sensitive to the N—O atom distance across
hydrogen bonds®>™>° and therefore can be converted to

hydrogen bond lengths using the empirical relationship (eq
7)34

Ryo = 2.75 — 025 In(™J ) + 0.06 A @)

B RESULTS

Ubiquitin is an amazing molecule with numerous binding
partners that interact via their structurally diverse motifs. The
structural features of ubiquitin that bestow it with this unique
ligand diversity remain to be fully understood. Here, we have
studied the interaction of ubiquitin with a STAM1 UIM. A
ribbon representation of the ubiquitin molecule with the three
residues, Ile 44, Val 70, and Leu 8, that form the hydrophobic
patch is shown® (Figure 1). The UIM binds the ubiquitin
molecule in a conformation antiparallel to the f, strand as
shown®® [based on Protein Data Bank (PDB) entry 2D3G,
crystallization conditions of pH 9.5 and PEG400].
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Figure 1. Interaction surface of ubiquitin. A ribbon representation of
the three-dimensional structure of ubiquitin, complexed to the
hepatocyte growth factor-regulated tyrosine kinase substrate (HRS)
UIM (blue). This figure is based on the crystal structure of PDB entry
2D3G, displaying the residues that form the hydrophobic patch as ball
and stick. As the ubiquitin molecule extends up to only residue 72 in
PDB entry 2D3G, strand /3, has been extended to mark the position of
Leu 73.

Changes in the Backbone Conformation of Ubiquitin
upon UIM Interaction. The most commonly used approach
for following the changes in the backbone conformation of a
protein is following the chemical shift perturbation of its amides
upon ligand interaction. In ubiquitin, the amides of Thr 7, Leu
8, Ile 13, Thr 14, Arg 42, Leu 43, Ile 44, Phe 45, Ala 46, Gly 47,
Lys 48, Gln 49, Leu 50, Leu 71, Arg 72, and Leu 73 display a
significant change in chemical shift upon UIM binding (Figure
2A). Likewise, the backbone nitrogen chemical shifts also
display changes for residues Leu 7, Ile 13, Thr 14, Arg 42, Leu
43, Ile 44, Ala 46, Gly 47, Lys 48, Gln 49, Leu 50, Leu 71, and
Arg 72 (Figure 2B). The pattern of perturbation was very
similar for the CO chemical shifts; Thr 12, GIn 40, Gln 41, Arg
42, lle 44, Ala 46, Gly 47, Glu 51, Leu 69, and Val 70 display
chemical shift changes greater than one standard deviation
(Figure 2C). All these results are in sync with the previous
studies.'?73®

The amide protons and nitrogen chemical shifts are excellent
probes for characterizing the strength of protein—ligand
interactions and are widely used to determine Ky values
precisely. Therefore, chemical shift changes of the three
residues that display large JHN change upon UIM interaction,
namely, Ala 46, Gly 47, and Ile 13, were used to determine the
strength of the ubiquitin—STAM1 UIM interaction. A Ky value
of ~1.79 + 0.15 mM was calculated for the interaction (Figure
1 of the Supporting Information).

C, chemical shift changes were also followed for ubiquitin
upon complexation with the STAMI1 UIM. A large C, chemical
shift change of >1.0 ppm was observed for Ile 45 upon binding
to UIM, suggesting major adjustments in the backbone. A few
other residues also display chemical shift changes greater than
one standard deviation: Thr 7, Leu 8, Thr 9, Glu 24, Gly 47,
Leu 69, Leu 71, Arg 72, and Arg 74. The CBCAcoNH spectra
of free and UIM-bound ubiquitin are shown, displaying strips
for Ala 46 and Lys 48, the two residues that lie close to Ile 44,
and display significant changes in the C, and Cj chemical shifts
of Gly 47 and Phe 45 upon UIM binding (Figure 3).

Comparison of the chemical shift changes reported by three
different nuclei (SHN, 6CO, and 6C,) shows some level of
agreement. However, the conformational changes observed at
the backbone amides and carbonyls for a few residues, viz.,, Thr
12, Ile 13, Gln 40, Gln 41, Arg 42, Leu 51, and Gln 62 (Figure
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Figure 2. Chemical shift perturbations in ubiquitin upon ligand
binding. Changes in (A) SHN, (B) 6N, (C) 6CO, (D) 6C,, and (E)
6Cy chemical shifts as a function of residue number in ubiquitin upon
complexation with the UIM of STAMI.

2A of the Supporting Information), are not supported by the
C, chemical shift changes. These amides and carbonyls are
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Figure 3. C, and Cj chemical shift changes in ubiquitin upon UIM
binding. Strip plots of the CBCAcoNH spectra of ubiquitin for the
amides of Ala 46 and Lys 48 in free and UIM-complexed ubiquitin as
marked. The data were processed using nmrPipe and analyzed using
Sparky.>

localized away from the ligand binding site in ubiquitin (Figure
2B of the Supporting Information), and therefore, the observed
changes could be an indirect effect of either a hydrogen bond or
through-bond inductive effects. For instance, the arginine 42
side chain has been shown to form a salt bridge with the side
chain of Glu 259 of the Hrs UIM in the crystal structure of
PDB entry 2D3G,* an interaction that could influence the
nearby amides of Gln 40 and Gln 41. Similarly, the Ile 13 JHN
chemical shift does not interact directly with the ligand but
displays a large HN chemical shift change. Amide proton,
nitrogen, and carbonyl chemical shifts can be influenced by
hydrogen bond interactions and the local environment.*** C,
chemical shifts, on the other hand, are dependent solely on the
¢ and y backbone torsion angles*** and, hence, are the most
reliable reporters of the backbone conformational change.

Side Chains Experience a Noticeable Change in
Conformation. Cy, C, C; and C, chemical shift changes
report side chain conformation only and, hence, are sensitive
probes for following their rearrangements upon ligand binding.
Cj chemical shift changes were observed for Val 5, Lys 6, Leu 8,
Thr 14, Glu 34, Phe 45, Ala 46, Lys 48, Gln 49, and Leu 69
(Figure 2E), suggesting slight alterations in their side chain
orientations. No Cj change was observed for Ile 44.

A remarkable change in the chemical shift was observed for
the y- and §-carbons of Thr 7, Leu 8, Thr 9, Ile 13, Thr 14, Glu
34, and Ile 44, suggesting changes in the y, and y; angles. In the
case of Ile 44, the CG1, CG2, and CD1 atoms change by 1.0,
0.8, and 0.6 ppm, respectively, suggesting slight changes in its
side chain conformation. For a few residues, the y and &
chemical shifts could not be observed in the UIM-bound
ubiquitin, namely, Leu 43, Lys 48, Leu 67, Leu 69, Val 70, and
Leu 71, probably because of line broadening. Two solvent-
exposed side chains also appear to change position as a result of
the interaction, Gln 40 and GIln 49, as disclosed from the
"H-""N HSQC spectrum.
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Changes in Hydrogen Bond Lengths upon UIM
Binding. Trans hydrogen bond scalar couplings provide
insights into the dynamic changes in hydrogen bond
interactions. As our solution studies suggest a remarkable
change in 6HN, 6CO, and 6C, chemical shifts upon UIM
binding, we speculate that the changes could be translated into
minor alterations in hydrogen bond lengths. A 1 mM “N- and
BC-labeled ubiquitin sample expressed in D,O was used for
this study. The protein:ligand ratio was maintained at 1:6 in the
UIM-bound ubiquitin sample, and the pH of the sample was
adjusted to 6.0. A total of 19 hydrogen bonds could be
observed in free ubiquitin at 298 K, and the longest hydrogen
bond detected using the long-range HNCO experiment [HN
(Asp 32—Ala 28) CO] was 3.04 + 0.05 A long. The MJyc
values for free and UIM-bound ubiquitin from two independent
sets of experiments are listed in Table 1. The hydrogen bonds
and their precise location in the ubiquitin molecule are
illustrated in Figure 4. A quantitative increase in the hydrogen
bond lengths was observed for HN (Leu 15—Ile 3) CO, HN
(His 68—Ile 44) CO, and HN (Leu 69—Lys 6) CO hydrogen
bonds. Hydrogen bonds HN (Ile 44—His 68) CO, HN (Leu
50—Leu 43) CO, and HN (Arg 72—Gln 40) CO displayed a
noticeable decrease in length (Figure 4A,B). Upon UIM
interaction, the HN (Phe 4—Ser 65) CO hydrogen bond could
not be observed in the ubiquitin—UIM complex while there was
signal overlap even in free ubiquitin. Hence, the information
pertaining to this bond is purely qualitative. Resonances for two
hydrogen bonds mutually overlapped in the reference spectrum
of the complex, HN (Ile 23—Arg 54) CO and HN (Arg 42—Val
70) CO, and hence, the data for these two bonds have not been
analyzed quantitatively. However, qualitatively the HN (Ile 23—
Arg 54) CO cross-peak in the long-range experiment displays a
marked decrease in intensity, which implies a decrease in
coupling and hence an increase in the hydrogen bond length.

Backbone Dynamics Change Remarkably in the
Presence of UIM. Correlated slow time scale motions have
been shown to be associated with important biological
functions, like enzyme catalysis,*’ ligand binding**** etc. To
understand the role of slow dynamics in ligand recognition by
ubiquitin (observable at the amides of Ile 23, Asn 25, Thr SS,
and Val 70 in free ubiquitin), relaxation experiments were
conducted with ubiquitin complexed to the UIM at 278 K as
illustrated in Figure 5. Relaxation studies were conducted at low
temperatures in particular to shorten the time scales of the
exchanége processes so that they fall within the CPMG time
scale.**™** The window of conformational change suitable for
detection by CPMG experiments is <2000 s~ because of
limitations in the maximal radiofrequency field that can be
applied in a relaxation experiment.

A complex with a 1:6 ubiquitin:UIM ratio was prepared using
a 2 mM ubiquitin solution in 50 mM sodium phosphate buffer,
with the final pH of the complex adjusted to 6.0. A dotted line
in Figure 1 of the Supporting Information indicates the working
concentration of ubiquitin and the ligand used in our relaxation
experiments. At these concentrations, ubiquitin is still not
completely bound; the fraction bound is ~0.95. Assuming that
K,, is diffusion-limited on rate, independent of the system,*’
~1 x 10* M~ s7!, and using a K value of 1.79 mM that we
calculated experimentally, K & would be ~1.7 X 10° s™'. Using
the relationship for fast exchange (k., = ky,[ligand] + k) and a
final ligand concentration of 12 mM, the k. for the
association—dissociation kinetics would be 1.37 x 10° s7".
Notably, the rate of dissociation of ubiquitin from the UIM is
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Biochemistry

Table 1. Coupling Constants and Hydrogen Bond Lengths in Free Ubiquitin and Ubiquitin Complexed to the STAM1 UIM

free ubiquitin

UIM-bound ubiquitin

HN-CO hydrogen bond by o (Hz) dy_n (A)

K6-L67 0.59 + 0.00¢ 2.88
0.59 + 0.01¢

T7—-K11 0.61 + 0.01¢ 2.87
0.61 + 0.00¢

113-VS 0.69 + 0.03¢ 2.85
0.68 + 0.01¢

L15-I3 0.66 + 0.01¢ 2.86
0.64 + 0.02¢

V17-M1 0.69 + 0.02¢ 2.84
0.70 + 0.01¢

123—RS54 0.58 + 0.01¢ 2.89
0.56 + 0.03¢

Q31-K27 0.43 + 0.01¢ 297
0.42 + 0.03¢

D32—A28 0.30 + 0.01° 3.04
0.32 + 0.04°

R42-V70 0.47 + 0.02¢ 2.95
0.45 + 0.03*

144—H68 0.65 + 0.02¢ 2.87
0.62 + 0.01¢

F45—-K48 0.42 + 0.01¢ 2.97
0.41 + 0.02°

L50-143 0.55 + 0.00¢ 291
0.53 + 0.01¢

SS7—-P19 0.43 + 0.02° 297
0.42 + 0.02¢

F4—S65 ND? ND?

L67—F4 0.59 + 0.02¢ 2.89
0.57 + 0.01¢

H68—-144 0.82 + 0.02¢ 2.8
0.84 + 0.01¢

L69—K6 041 + 0.01¢ 297
0.41 + 0.027

V70—R42 0.72 + 0.01¢ 2.83
0.73 + 0.02¢

R72—-Q40 0.36 + 0.01 3
0.38 + 0.01°

by o (Hz) dy_n (A) A (A) effect
0.58 + 0.01¢ 2.88 0 -
0.61 + 0.02°

0.59 + 0.01¢ 2.89 —-0.02 -
0.57 + 0.02°

0.73 + 0.01¢ 2.83 0.02 -
0.76 + 0.01¢

0.56 + 0.02° 2.89 -0.03 stretch
0.58 + 0.04*

0.65 + 0.01¢ 2.86 —-0.02 -
0.66 + 0.02°
ND? ND? ND? -
0.44 + 0.03* 2.95 0.02 -
0.47 + 0.02°

0.33 + 0.01¢ 3.04 0 -
0.31 + 0.03°
ND? ND? ND? -
0.78 + 0.03% 2.81 0.06 shrink
0.81 + 0.02¢

0.45 + 0.03* 2.95 0.02 -
0.47 + 0.03*

0.64 + 0.01° 2.87 0.04 shrink
0.62 + 0.01¢

0.43 + 0.02° 2.95 —0.02 -
0.46 + 0.04*

ND? ND? ND? -
0.60 + 0.01¢ 2.89 0 -
0.58 + 0.01¢

0.72 + 0.01% 2.84 —0.04 stretch
0.70 + 0.01¢

0.39 + 0.02 3 -0.03 stretch
0.37 + 0.03

0.75 + 0.01% 2.82 0.01 -
0.78 + 0.04*

0.49 + 0.02° 2.92 0.08 shrink
0.52 + 0.02¢

“Values for ™Jyc couplings calculated from two separate data sets, acquired independently. ®The MJyc trans hydrogen bond couplings and
hydrogen bonds were not detected because of spectral overlap in the reference spectrum.

quite high, maintaining a high turnover rate that might be
relevant in its biological function.

Despite the fairly weak nature of the ubiquitin—UIM
interaction, we were able to follow the changes in the dynamics
of ubiquitin upon interaction with the UIM. Overall, the peaks
were slightly broader in the complex than in free ubiquitin. The
relaxation parameters for free ubiquitin as well as ubiquitin
complexed to a UIM of STAM1 are compared (Figure S). R,
relaxation rate constants obtained using the inversion—recovery
profiles were slightly lower than those of free ubiquitin (Figure
SA). Interestingly, unlike the case in free ubiquitin, in which Ile
23, Asn 25, Thr S5, and Val 70 display high R, values compared
to those of the rest of the amides, in the UIM-bound ubiquitin,
high R, values were observed for only Ile 23 (Figure SB). On
the other hand, a few other residues display high R, values in
the complex, viz., Thr 7, Ile 13, Thr 14, Gln 41, Leu 43, Ile 44,
Gly 47, Lys 48, Gln 49, His 68, and Leu 69. An overall increase
in the average relaxation rate (R,) was observed compared to
that of free ubiquitin. Steady state "N{'H} NOE experiments
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conducted with and without 'H saturation were used to
determine the NOE values (Figure SC). No major differences
could be observed between free and UIM-bound ubiquitin with
regard to the NOE values.

The raw relaxation data were fit to the extended model free
formalism developed by Lipari and Szabo™ using FAST-
Modelfree.” An axially symmetric model of the diffusion tensor
was used for analyzing the relaxation data for free as well as
UIM-complexed ubiquitin. Models with the fewest parameters
that gave a statistically significant y* value were selected.
Residues that showed significant resonance overlap were
excluded from the analysis. These include Leu 15, Glu 16,
Val 26, Arg 42, Leu 50, Arg 72, and Arg 74. In addition, Ala 46
was extremely broadened at 278 K in the ubiquitin—UIM
complex and hence was not included in the analysis. The
observed rotational correlation time was ~14.14 ns for
ubiquitin complexed to the UIM, much longer than that of
free ubiquitin (9.62 ns) at 278 K, reflecting an increase in the
size of the complex. Order parameters obtained from the model
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Hrs UIM

Figure 4. Changes in the backbone hydrogen bond lengths upon UIM binding. (A) Ubiquitin molecule (backbone) with the residues forming
hydrogen bonds colored red. The direction of the green arrow marks the direction of the hydrogen bond, i.e., donor — acceptor. (B) Ribbon
representation of the ubiquitin molecule complexed to the Hrs UIM displaying the hydrogen bonds experiencing changes in length upon UIM

interaction (green).

free analysis have been plotted as a function of residue number
for both free and UIM-complexed ubiquitin (Figure SD). It is
noteworthy that some of the residues that form the binding
interface (residues Ile 44—Asp 58) display a slight decrease in
order parameter upon UIM binding, suggesting an increase in
backbone flexibility. The R., parameter that reports micro-
second to millisecond time scale fluctuations (a larger value
corresponding to greater conformational heterogeneity) is also
shown for each residue (Figure SE). In the UIM-complexed
ubiquitin, a few residues in addition to Asn 25 require the R,
term. These include Thr 7, Ile 13, Leu 43, Ile 44, Gly 47, Lys
48, and GIn 49. Line broadening observed at the amides of Glu
24 and Gly 53 in free ubiquitin remains unaltered in the
complex, implying that the side chain to backbone hydrogen
bond [CO (Glu 24—Gly 53) NH] reported by two recent
studies is intact in the complex.***'

>N constant-time CPMG relaxation dispersion experiments
that provide a quantitative measure of the exchange rates were
also conducted with free ubiquitin, as well as ubiquitin
complexed to UIM, at 278 K on a 700 MHz NMR
spectrometer. Individual fits to the dispersion profiles using
NESSY?° are shown for residues that display nonflat dispersion
profiles in free ubiquitin and some of the residues in ubiquitin
complexed to UIM (Figure 6B). In free ubiquitin, only Ile 23,
Asn 25, Thr S5, and Val 70 display noticeable conformational
exchange at 278 K. Global fitting of the dispersion profiles of
these four residues gave an exchange rate of 2.6 X 10* s™, fairly
close to the values reported previously.47 However, in ubiquitin
complexed to the UIM, a large number of residues displayed
conformational exchange. This experiment in fact identified
several more residues that were not observed in the R,
relaxation experiments. Of the four residues that display
dynamics in free ubiquitin, only two display conformational
exchange upon binding to the UIM, ie.,, Asn 25 and Val 70,
with a noticeable change in the R,*%. A total of 22 residues
could be fit to a two-state slow exchange process using the
Carver and Richards equation®" in UIM-complexed ubiquitin,
viz,, Lys 6, Thr 7, Thr 14, Leu 15, Asn 25, Glu 34, Gln 41, Arg
42, Leu 43, Phe 45, Gly 47, Lys 48, Leu 50, Ser 57, Glu 64, Ser
65, Leu 67, His 68, Leu 69, Val 70, Leu 71, and Leu 73. Ala 46
that displayed maximal amplitude motions was excluded from
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the analysis because of extreme line broadening observed at
lower CPMG frequencies used in our relaxation dispersion
experiments. The exchange rate (k.,), the population of the
exchanging species, and the chemical shift change deduced
from the relaxation dispersion experiments are listed in Table 2.
Relatively large Adycpyg changes were observed for Thr 7, Thr
14, Arg 42, Leu 43, Lys 48, Leu 50, Leu 71, and Leu 73 in UIM-
complexed ubiquitin, in sync with our chemical shift mapping
studies. Notably, most of the residues displaying conforma-
tional exchange are similar to those mentioned in a previous
study of a ubiquitin—UIM fusion protein.® A comparatively
higher R,*® was observed for Gly 47 and Lys 48. The amplitude
of the dispersion profile was also remarkably different for these
two residues in UIM-complexed ubiquitin (Figure 6B). Global
fitting of approximately 72% of the residues was achieved using
model 3, viz,, Lys 6, Thr 7, Thr 14, Asn 25, Glu 34, Gln 41, Arg
42, Leu 43, Phe 4S5, Gly 47, Lys 48, Leu 50, Glu 64, Leu 67, Leu
69, and Val 70, to yield an exchange rate of ~3505 + 6 s
suggesting concerted motions, with an exchanging population
pp of 0.12 + 0.01. Converting the global fit exchange rate k., to
the forward and reverse rate constants [assuming the process is
(ground state) A < B (excited state)] gave a forward exchange
rate of ~421 s™' and a B — A reverse rate of 3084 s™'. Some
residues that displayed a nonflat dispersion profile and could
not be fit to the global exchange process were Leu 15, Ser 65,
His 68, Leu 69, Leu 71, and Leu 73. Table 3 compares the
exchange rates (k) observed in free ubiquitin as well as
ubiquitin complexed to the UIM at 278 K.

While most of the residues display millisecond motions in
ubiquitin upon UIM binding, several residues also experience
extremely fast dynamics and could be fit to only model 2 using
NESSY.*® These include residues Ile 13, Ile 23, Asp 39, Ile 44,
Gln 49, and Thr 55, displaying k., values in the range of 3000—
10000 s7".

Intermolecular NOEs between the Amides of Ubig-
uitin and the UIM Side Chains. *C—""N-filtered, 1*N-edited
NOESY experiments were conducted to identify the amides in
ubiquitin that interact directly with the UIM peptide in
solution. Conceivably, only four backbone amides of ubiquitin
make significantly close contacts of <5 A with the STAM1 UIM
side chains. These include the amides of Ala 46, Gly 47, Lys 48,

dx.doi.org/10.1021/bi3004268 | Biochemistry 2012, 51, 81118124
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Figure 5. "N relaxation parameters for free ubiquitin and ubiquitin
complexed to the UIM. Plots of (A) R, (B) R,, (C) NOE, (D) model
free parameter S% and (E) model free parameter R, obtained by fitting
the raw data to the extended Lipari—Szabo model free formalism as
described in Experimental Procedures for free (O) and UIM
complexed (@) ubiquitin. Errors are represented as error bars. The
overall molecular tumbling correlation time for wild-type ubiquitin was
determined to be 9.6 &= 0.2 ns and that for the ubiquitin—UIM
complex 14.14 + 0.5 s at 278 K.

and Leu 73 as shown in panels A—C and E of Figure 7. The
first three residues form a contiguous patch in the structure of
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ubiquitin and display NOEs to the H; atom of Ser 183 and the
Hy and H; atoms of Leu 184 of the STAM1 UIM. Likewise,
leucine 73, localized in strand f3,, shows a NOE to the H, atom
of Glu 172 of the STAMI1 UIM. Apart from the backbone
amides, the side chain of Gln 49 is also found close to the Hj
atom of Leu 184 as revealed by the NOE data (Figure 7D). The
observed NOEs are consistent with the presence of side chain
to backbone hydrogen bonds between the Ser of UIM and Ala
46/Gly 47 of ubiquitin as well as the Glu side chain of UIM and
the Leu 73 amide of ubiquitin.

Insights from the Crystal Structures of Ubiquitin
Complexes. A large number of crystal structures of the
noncovalent complexes of ubiquitin are available in the Protein
Data Bank, with a wealth of information still unexplored.
Superposition of the available X-ray structures and comparison
with our NMR results allowed us to draw inferences pertaining
to the ubiquitin—UIM interaction. An overlay of the crystal
structures of ubiquitin complexes with a resolution of 2.6 A or
better is shown in Figure 8A. Notably, in the crystal structures,
the f5,—f, loop (Figure 8C) displays two distinct conforma-
tions for the backbone (colored blue) and side chains (colored
green), markedly different from each other. Likewise, the
ubiquitin backbone close to Val 70 in strand S, (Figure 8D)
and the f,—a, loop (Figure 8B) also show some differences in
conformation in the different structures.

To gain a comprehensive view of the major changes
occurring in ubiquitin as a result of UIM interaction, the
regions displaying NOEs to the UIM peptide (Figure 9A), C,
chemical shift changes (Figure 9B), millisecond motions
(Figure 9C), and changes in hydrogen bond lengths (Figure
9D) have been mapped onto the surface of ubiquitin and
compared with the regions displaying conformational hetero-
geneity in the crystal structures of ubiquitin complexes (Figure
9E). Unquestionably, the ubiquitin—UIM interaction involves
major changes (in backbone as well as dynamics) at primarily
three sites, the f,—f, loop, the f;—a, loop, and strand f,.
Excellent agreement could be observed between the C,
conformational changes and the structural variations observed
in the crystal structures of ubiquitin complexes. Likewise, a
good overlap was observed between the regions displaying
millisecond motions and the changes in hydrogen bond lengths.

For quantitative comparisons, changes in C, and C4 chemical
shifts were predicted for all the residues present in the two
ubiquitin molecules (chain ID A and chain ID B), bound to the
Hrs UIM in PDB entry 2D3G, as well as free ubiquitin in PDB
entry 1UBQ using SPARTA+.%* As illustrated in Figure 3 of the
Supporting Information, some level of disparity exists between
the two molecules present in PDB entry 2D3G with regard to
the predicted C, and C; chemical shift changes, suggesting
slight differences in their interaction with ubiquitin. Residues
that display relatively large C, and Cj chemical shifts in our
NMR chemical shift mapping studies have been highlighted
(Figure 3AB of the Supporting Information). Overall, good
agreement was observed between the experimentally observed
chemical shifts and the predicted C, chemical shift differences
for residues Thr 7, Leu 8, Glu 24, Phe 45, Gly 47, and Leu 71
(Figure 3A of the Supporting Information). Lys 6 and Leu 69
display an excellent correlation between the experimental and
predicted Cj; chemical shift changes (Figure 3B of the
Supporting Information). The experimentally determined Cj
chemical shifts for Val 5, Leu 8, Lys 11, Leu 14, Glu 34, Gln 49,
and Arg 54 are in close agreement with the predicted chemical

shifts.
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Figure 6. Analysis of the "N relaxation dispersion experiments. >N constant-time relaxation dispersion profiles for residues in (A) free ubiquitin and
(B) some of the residues in ubiquitin complexed to UIM at 278 K on a 700 MHz NMR spectrometer. The data were processed using nmrPipe®* and

analyzed using Sparky*® and NESSY.*

Table 2. Physical Parameters Obtained by Fitting the 'N
Relaxation Dispersion Profiles of Individual Residues to a
Two-State Slow Exchange Process Using eq 3

residue ke (s71) po (%) Adwncpmg (ppm)  Ady® (ppm)
Lys 6 3000 + 321 2 2.39 £ 1.02 0.3
Thr 7 1155 + 130 16 1.10 + 0.31 1.0
Thr 14 919 + 142 2 3.52 +0.13 0.9
Leu 15 157 + 80 7 3.52 + 0.06 0.1
Asn 25 2547 + 509 30 0.86 + 0.41 0.4
Glu 34 3000 + 261 15 0.75 + 0.42 0.3
Gln 41 27 + 18 30 228 + 0.16 0.5
Arg 42 3449 + 208 16 2.13 + 0.70 1.2
Leu 43 56 + 50 30 590 + 0.24 12
Phe 45 15+ 6 30 3.87 + 0.34 0.5
Gly 47 1147 + 339 19 226 + 0.44 0.8
Lys 48 791 + 275 30 1.49 + 0.22 2.2
Leu 50 104 + 82 S 3.66 + 0.24 0.7
Ser 57 3000 + 175 9 0.84 + 0.59 0.0
Glu 64 803 + 160 2 224 + 025 0.4
Ser 65 52 + 30 6 249 + 0.38 0.1
Leu 67 3365 + 1000 6 4.85 +2.12 0.2
His 68 2753 + 321 30 0.78 + 0.74 0.4
Leu 69 970 + 196 3 3.15 + 0.19 0.4
Val 70 1836 + 355 S 2.63 + 0.66 0.1
Leu 71 16 + 32 29 2.96 + 0.19 12
Leu 73 831 + 177 1 3.14 + 0.17 1.1

“Changes in the Ady chemical shift of ubiquitin upon binding to the
UIM in a '"H-""N HSQC experiment.

Table 3. Rate Constants Observed for the Global Exchange
Processes Observed in Free Ubiquitin and Ubiquitin
Complexed to the UIM at 278 K

a

rate >N relaxation dispersion b
constant (™ {%)

free ubiquitin ke 2.6 x 10* 7.3
ubiquitin—UIM kex 3505 + 6 12

complex

“Population of the exchanging species.

As some of the hydrogen bonds display significant changes in
lengths upon UIM binding in our study, the lengths of all the
backbone to backbone hydrogen bonds in the 29 PDB entries
of ubiquitin complexes were determined using Chimera.>®
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Interestingly, a slight variation in length was observed for most
of the hydrogen bonds, highlighting the intrinsic flexibility of
the ubiquitin backbone (Figure 4 of the Supporting
Information). The distances shown in the figure are between
the donor atom (N) and the acceptor atom (O). The least
perturbed hydrogen bonds were as follows: N (I30—V26) CO,
N (E34-130) CO, N (L67—F4) CO, N (K6-L67) CO, N
(144—H68) CO, N (LS6-D21) CO, N (K27-123) CO, N
(H68-144) CO, N (V70—R42) CO, N (Q31-K27) CO, and
N (L15-13) CO (standard deviation of <0.1). Mapping these
residues on the crystal structure of ubiquitin suggests that most
of these residues participating in the hydrogen bonds comprise
the hydrophobic core. The remaining hydrogen bonds display
relatively large deviations reflecting a high level of flexibility.
The N (Arg 42—Val 70) CO and N (Arg 72—Gln 40) CO
hydrogen bonds displayed the maximal standard deviation,
followed by the N (T7—K11) CO hydrogen bond.

B DISCUSSION

Ubiquitin’s main function is to identify a diverse range of
domains and/or motifs present on the surface of its binding
partners and covalently modify them to regulate a range of
cellular activities. Interestingly, the molecule itself experiences
remarkable changes in structure and dynamics during this
process, which plausibly holds the key to its unusual ligand
diversity.

A major achievement of this study is the observation of
backbone C, conformational changes at three distinct sites in
ubiquitin upon UIM interaction, precisely, the residues
adjoining Leu 8, Gly 47, and Leu 71. A strong correlation is
observed between the residues displaying C, chemical shift
changes and the amides displaying NOEs to the peptide in the
BC—N-filtered, '*N-edited experiments, viz., (a) the patch of
Ala 46, Gly 47, and Lys 48 and (b) Leu 73, relating
conformational change to ligand binding. A noticeable C,
chemical shift change of >1 ppm was observed for Ile 45,
and a concomitant change in Gly 47 of ~0.4S ppm. Though in
this study we report the interaction of ubiquitin with the
STAMI1 UIM only, we performed similar studies in parallel
with the hepatocyte growth factor-regulated tyrosine kinase
substrate (Hrs) UIM (Ace-QEEEELQLALALSQSEAEEK-
NH,) as well, and the C, chemical shift changes observed
upon UIM binding were precisely the same. Trans hydrogen
bond scalar coupling experiments suggest changes in the length

dx.doi.org/10.1021/bi3004268 | Biochemistry 2012, 51, 81118124
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Figure 7. 3C—"*N-filtered, "*N-edited NOESY spectra of ubiquitin complexed to the STAM1 UIM. Strip plots for (A) Ala 46 HN, (B) Gly 47 HN,
(C) Lys 48 HN, (D) Gln 49 NH,, and (E) Leu 73 HN groups displaying NOEs to the side chains of residues in the UIM. The data were processed

using nmrPipe*> and analyzed using Sparky.”*

of the HN (L50—L43) CO hydrogen bond that lies at the two
ends of the f;—a, loop. In light of the crystal structures of
ubiquitin complexes that display a slight forward movement of
the f3—a, loop upon ligand binding, we speculate that the C,
chemical shift change and the change in hydrogen bond length
both report the same event. Filtered NOESY experiments lend
support to the presence of the Ser 183 Hy atom in the vicinity
of Ala 46 and Gly 47 amides, suggesting that the side chain to
backbone hydrogen bond, between Ser 183 of the UIM and Gly
47 of ubiquitin (as observed in other studies), is probably the
driving force.”* Presumably, the hydrogen bond draws Gly 47
closer to the ligand, giving rise to the conformational change in
the backbone of Gly 47, and a reciprocal change in the
conformation of Phe 45. The C, and C4 chemical shifts of Phe
4S5 display a constant change upon UIM binding, also
supporting this proposition. Prior mutagenesis studies have
highlighted the indispensable role of Gly 47 in ubiquitin
interactions.”* Conceivably, a glycine at position 47 performs
twofold functions: (a) making the backbone accessible for
formation of hydrogen bonds with the ligand and (b) imparting
flexibility to the loop so that it can undergo necessary
conformational changes in response to the binding and release
of the ligand.>® Knowledge of such structural determinants
might be of significance in drug design, to competitively block
the ubiquitin binding domains if required.

Apart from the Ala 46-Gly 47 cluster, two other sites [(a)
Leu 69, Leu 71, and Arg 72 and (b) Thr 7, Leu 8, and Thr 9]
display considerable C, chemical shift changes upon binding to
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the UIM. The changes in lengths of HN (Leu 69—Lys 6) CO
and HN (Arg 72—Gln 40) CO hydrogen bonds in our study
are in compliance with the backbone C, changes. On the basis
of the crystal structures of ubiquitin complexes, we speculate
that the conformational change involves upward twisting of
strand f, and the ,—p, loops. The observation of an NOE
between the Glu 174 H,, atom of the UIM and the Leu 73
amide of ubiquitin conforms with a side chain to backbone
hydrogen bond between the two residues, as observed in other
studies®® and in PDB entries 1WR6, 1P3Q, 2IB], and 3LDZ.
Perhaps the intermolecular hydrogen bond plays a pivotal role
in the conformational change. The UIM peptide does not seem
to make any direct contacts with the amides of the 3,—/, loop
though. We surmise that the conformational changes observed
in the f,—f, loop are primarily induced by the hydrophobic
interactions mediated by the side chain of Leu 8 that pulls the
backbone closer to the ligand.

Another exciting observation is the striking change in the
dynamics of ligand-bound ubiquitin. In a prior study of free
ubiquitin, four amides were identified to display slow
motions,*® viz., Ile 23, Asn 25, Thr 5S, and Val 70. However,
in UIM-complexed ubiquitin, of those four residues, only Asn
25 and Val 70 display those motions, and the R, was much
higher for these two residues than for free ubiquitin, suggesting
a marked change in the overall intrinsic dynamics upon
formation of the UIM complex. It certainly does not imply that
the slow motions observed in free ubiquitin are quenched in the
complex. Presumably, another exchange process with a much
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Figure 8. Backbone variations in the crystal structures of ubiquitin
complexes. (A) Overlay of the ubiquitin backbones in the crystal
structures of ubiquitin complexes, viz, PDB entries 3A33, 2C7N,
2ZNV, 2D3G, 3K90, 2IBI, 2QHO, 3A1Q, 1WR6, 3CMM, 3COR,
3BY4, 30J3, 3IFW, 3PT2, 3I3T, 3A9J, and 3A9K. The conformation
of free ubiquitin based on the crystal structure of PDB entry 1UBQ is
represented as a yellow strand. The three regions that display a high
level of disparity in the X-ray complexes, (B) the f;—a, loop, (C) the
B1—p, loop (the side chain of Leu 8 is colored green), and (D) strand
P, are shown separately. This figure was prepared using Molmol.*!

larger amplitude becomes the dominating exchange process, as
the line broadening observed at the Glu 24 and Gly 53 amides
can still be observed in the complex. Interestingly, some of the
amides that interact directly with the UIM (based on our C,
chemical shift perturbation study and hydrogen bond experi-
ments) display motions with relatively large amplitudes, viz.,
Ala 46, Gly 47, and Lys 48, associating ligand binding with the
change in dynamics. The maximal amplitude of the dynamics is
observed at the Ala 46 amide as we were unable to analyze the
residue because of line broadening at lower CPMG frequencies.
Only 72% of the residues displaying a nonflat dispersion profile
could be fit to one single exchange rate, suggesting the
possibility of more than one distinct exchange process in UIM-
bound ubiquitin. Most of the residues that could not be fit to
the global exchange process lie at the C-terminus of ubiquitin.

On the basis of the crystal structure of PDB entry 2D3G, only
two amides in ubiquitin directly interact with UIM side chains,
Gly 47 and Leu 73, both involved in a hydrogen bond
interaction. It is tempting to speculate that the two hydrogen
bonds possibly give rise to two separate conformational
exchange processes, one centered at the Ala 46/Gly 47 HN
group and the other at the Leu 73 HN group. In a prior study
involving the ubiquitin—UIM (Vps27) fusion protein, the
authors observed similar slow backbone motions with very
similar exchange rates.® However, there are a few notable
differences. (a) The authors used an F4SW mutant of ubiquitin
instead of the wild type. (b) A fusion protein of ubiquitin with a
linker connecting the UIM was used instead of free UIM. (c)
Experiments were conducted at 298 K. Nevertheless, both
studies highlight the highly unusual feature of the ubiquitin
backbone, ie., enhanced dynamics upon ligand binding,
irrespective of the state of ubiquitin (free or fused).

Some very interesting facts also emerged from our study with
regard to the hydrogen bond lengths in the crystal structures of
the ubiquitin complexes; the N (Arg 42—Val 70) CO and N
(Arg 72—Gln 40) CO hydrogen bonds are maximally perturbed
in the crystal structures. The latter hydrogen bond was
perturbed in several of the crystal structures we analyzed,
leading us to conclude that the N (Arg 42—Val 70) CO
hydrogen bond marks the onset of the flexible C-terminus. The
N (Val 70—Arg 42) CO hydrogen bond is relatively rigid in
contrast. Apart from the three hydrogen bonds mentioned
above that display high standard deviations, the N (Lys 29—Asn
25) CO, N (Lys 48—Phe 45) CO, N (Glu 64—Gln 2) CO, N
(Val 17—Met 1) CO, N (Ser 65—Gln 62) CO, N (Lys 33—Lys
29) CO, and N (Ser S7—Pro 19) CO bonds also display a high
level of variation among the 66 ubiquitin molecules. Thus, an
important conclusion that stems from this analysis is that most
if not all the hydrogen bonds in ubiquitin are capable of
changing length in response to ligand binding (Figure 4 of the
Supporting Information). Most interesting of all is the
observation that the hydrogen bonds remote from the ligand
binding site also display a noticeable disparity in lengths in the
different structures of ubiquitin complexes we analyzed, viz., N
(Lys 33—Lys 29) CO (Figure 4AC of the Supporting
Information), N (Ser 57—Pro 19) CO (Figure 4AD of the
Supporting Information), and N (Ile 13—Val 5) CO (Figure 4X
of the Supporting Information), suggesting that a conforma-
tional change in ubiquitin is facilitated by changes in hydrogen
bond lengths all over the protein backbone.

HN NOES to the UIM C, changes

ms. motions

Changes in
Hydrogen bond

Heterogeneity in the
crystal structures

Figure 9. Comprehensive view of the changes occurring in ubiquitin upon ligand binding. Residues of ubiquitin displaying (A) NOEs to the UIM
peptide, (B) significant C, changes upon UIM binding, (C) millisecond motions upon UIM binding, and (D) heterogeneity in the crystal structures
of ubiquitin complexes are colored yellow. This figure was prepared using Molmol.*®
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The observations made from the crystal structures were
experimentally confirmed from our "y trans hydrogen scalar
coupling experiments. When the UIM binds, the maximally
perturbed hydrogen bond was the HN (Arg 72—Gln 40) CO
bond in sync with the crystal structures of ubiquitin complexes.
The HN (Ile 44—His 68) CO, HN (Leu 50—Leu 43) CO, and
HN (Arg 42—Gln 40) CO hydrogen bonds become shorter,
while the HN (Leu 15—1Ile 3) CO, HN (His 68—1le 44) CO,
and HN (Leu 69—Lys 6) CO bonds become longer. Most of
these hydrogen bonds are present near the ligand binding site,
and the observed changes in hydrogen bond lengths could be
associated with the conformational changes occurring upon
ligand binding. One hydrogen bond, HN (Phe 4—Ser 65) CO,
displayed signal overlap in free ubiquitin, while in the complex,
it could not be detected. This could be due to an increase in the
R, relaxation rate and its consequent effect on the magnet-
ization transfer. Qualitatively, we observed that the HN (Ile
23—Arg 54) CO hydrogen also becomes longer, thus relaying
the dynamic changes to helix I. Via combination of our "y
trans hydrogen bond coupling results with the X-ray data of
ubiquitin complexes, it is conceivable that the entire backbone
of ubiquitin is capable of undergoing minor adjustments in
response to ligand interaction by virtue of its unique interstrand
backbone hydrogen bond network, despite the rigidity enforced
by the hydrophobic core. A good correlation is observed
between the sites displaying millisecond motions and the sites
experiencing changes in hydrogen bond length in our solution
studies, implying that they are correlated (Figure 9C,D). These
observations support the recent findings, one with ubiquitin
and the other with protein G, that elucidate the importance of
interstrand hydrogen bonds in mediating the transfer of
structural and dynamic information across the backbone.’”>*

Finally, our solution studies combined with the X-ray data
offer a unique window for improving our understanding of the
process of ligand recognition by ubiquitin. During hydrogen
bond analysis, we came across several instances in which the
ubiquitin molecules present in the complexes drastically vary
within the same unit cell, offering a sneak peek into the high-
energy conformations. For instance, in PDB entry 3COR, the N
(Phe 45—Lys 48) CO hydrogen bond for the two ubiquitin
molecules, each complexed to the ovarian tumor domain
present in a single unit cell, displayed lengths of 2.58 and 3.3 A,
differing by more than 0.7 A (Figure 4N of the Supporting
Information), suggesting that the latter is a high-energy
conformation. Structural comparison suggests forward move-
ment of the f;—a, loop in the direction of the ligand in the
latter case. In PDB entry IWR6, the N (Leu S0—Leu 43) CO
hydrogen bond in one of the four molecules displays a length of
3.8 A, while in the rest of the molecules, this bond length is
2.8—2.9 A (Figure 4V of the Supporting Information). In the
structure, the backbone of Leu 50 is slightly distant from the
ligand compared to the other three molecules, suggesting that it
is a low-energy conformer. In PDB entry 2FIF, of the three
molecules present in the unit cell, one displays a slightly longer
N (Lys 6—Leu 67) CO hydrogen bond (~3.05 A) while the
other two have lengths of 2.87 and 2.86 A (Figure 4D of the
Supporting Information). The crystal structure suggests that
the ,—p, loop is a little behind the other two in the former
case. In one of the six molecules present in PDB entry 2C7N,
the N (Gln 31—Lys 27) CO hydrogen bond length is 3.29 A as
opposed to ~2.9 A in the rest of the molecules, very similar to
the results of our solution studies (Figure 4] of the Supporting
Information). Similarly, in PDB entry 2ZNV, a 1.6 A resolution
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structure, the N (Arg 42—Val 70) CO hydrogen bond in one of
the four structures (chain ID C) present in the unit cell has a
length of 4.0 A (Figures 4AF and 5 of the Supporting
Information), as opposed to the other three (2.82, 2.86, and
3.01 A). Likewise, in PDB entry 3A9], a 1.18 A resolution
structure, the same hydrogen bond is 3.63 A long in one
molecule and 2.79 A long in the other (Figure 4AF of the
Supporting Information). So many instances of such a
remarkable change in hydrogen bond length are highly unusual
and report on the intrinsic dynamics trapped during
crystallization. We speculate that these outliers are snapshots
of ubiquitin experiencing slow motions upon ligand binding. An
important question we are trying to understand is whether the
observed slow dynamics is a consequence of the ligand
association—dissociation process. A recent study of dihydrofo-
late reductase (DHFR) and its inhibitors has shown that the
switching of conformations from high energy to low energy
correlates exponentially with K; and K4 indicating that the
slow motions serve as a mechanical initiator of ligand
dissociation when the protein is fully saturated with the
ligand.*® Comparison of the exchange rates obtained from the
>N relaxation dispersion experiments with the ubiquitin—UIM
complex (k, ~ 3505 s™') with the ubiquitin—UIM
association—dissociation rate (~13.7 X 10° s7!) clearly
indicates that the former is an altogether different process.

Then, what is the physicochemical nature of the millisecond
motions induced upon UIM interaction? Our relaxation
dispersion experiments clearly suggest that there is more than
one excited state in the UIM-complexed ubiquitin, though we
have been able to characterize only the one that influences a
majority of the residues. On the basis of ""N—"C-filtered, '*N-
edited NOE experiments and insights from previous stud-
ies,**** the UIM peptide is held firmly by two side chain to
backbone hydrogen bonds, i.e., (a) Ser 183 side chain—Ala 46/
Gly 47 HN bond of ubiquitin and (b) Glu 174 carboxyl of the
UIM-Leu 73 HN bond of ubiquitin. The slow motions that we
characterized display a maximum at the Ala 46 amide (maximal
line broadening) that allows us to speculate that the side chain
(UIM) to backbone (ubiquitin) hydrogen bond triggers these
motions. Comparison of the distances between the Ser 183 side
chain O atom of the UIM and the amide nitrogens of Ala 46
and Gly 47 yields values of ~2.90 and 3.33 A, respectively, for
chain A and 3.69 and 2.82 A, respectively, for chain B in PDB
entry 2D3G, suggesting that both amides are equidistant from
the Ser 183 O atom. Interestingly, both the amides face the
ligand in a very similar fashion, suggesting that they are equally
accessible to the ligand. Conceivably, the Ser 183 side chain of
the UIM forms a bifurcated/fluctuating hydrogen bond with
these two amide nitrogens simultaneously, giving rise to the
unique dynamics that we observe in our relaxation experiments.
This argument is further substantiated by (a) the observation of
very similar downfield chemical shift changes in the backbone
amides of Ala 46 and Gly 47 of 0.2 and 0.16 ppm, respectively,
upon UIM interaction and (b) NOEs of equal intensity from
both the amides (Ala 46 and Gly 47) to the Hpy atom of Ser183
of the UIM in our filtered experiments (Figure 7A,B). We
presume that the fluctuating nature of the hydrogen bond
possibly gives rise to the motions. As the hydrogen bond draws
the two binding partners close, it causes strain at three distinct
sites in ubiquitin that interact with the ligand, i.e., Gly 47, Leu
8, and Leu 73. We speculate that these three sites act as
epicenters of dynamic perturbations, relaying motions to the
adjoining residues via the hydrogen bond network.
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Altogether, the process of ligand recognition by ubiquitin can
be summarized as noticeable changes in side chain
conformation, backbone conformation, dynamics, and hydro-
gen bond lengths at sites that physically interact with the ligand,
which in turn is caused by minor adjustments in hydrogen bond
lengths all along the protein length. This is one of the first few
studies that provide a quantitative measure of the backbone
conformational changes in ubiquitin upon ligand binding. We
speculate that (A) the exposed hydrophobic patch, (B) the
unusual flexibility of the loops and the C-terminus, (C) the
flexibility of the backbone hydrogen bonds, and (D) the highly
flexible side chains make ubiquitin an excellent protein—protein
interaction partner. Presumably, the initial phase of recognition
is mediated by long-range electrostatic interactions and
hydrophobic interactions, followed by conformational adjust-
ments of the B,—f, loop, the f;—a, loop, and strand f, to
accommodate the ligand, which was also the conclusion
reached by a recent study.’* Thus, by sampling multiple
conformations at the three sites, ubiquitin fine-tunes its
interactions with its binding partners.
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