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ABSTRACT: It is becoming increasingly clear that proteins
transiently populate high-energy excited states as a necessary
requirement for function. Here, we demonstrate that rational
mutation based on the characteristics of the structure and
dynamics of proteins obtained from pressure experiments is a
new strategy for amplifying particular fluctuations in proteins.
We have previously shown that ubiquitin populates a high-
energy conformer, N,, at high pressures. Here, we show that
the Q41N mutation favors N,: high-pressure nuclear magnetic
resonance (NMR) shows that N, is ~70% populated in Q41N
but only ~20% populated in the wild type at ambient pressure.
This allows us to characterize the structure of N,, in which ;-
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helix, the following loop, f;-strand, and fs-strand change their orientations relative to the remaining regions. Conformational
fluctuation on the microsecond time scale, characterized by '*N spin relaxation NMR analysis, is markedly increased for these
regions of the mutant. The N, conformers produced by high pressure and by the Q41N mutation are quite similar in both
structure and dynamics. The conformational change to produce N, is proposed to be a novel dynamic feature beyond the known
recognition dynamics of the protein. Indeed, it is orthogonal to that seen when proteins containing a ubiquitin-interacting motif
bind at the hydrophobic patch of ubiquitin but matches changes seen on binding to the E2 conjugating enzyme. More generally,
structural and dynamic effects of hydrodynamic pressure are shown to be useful for characterizing functionally important

intermediates.

n solution, proteins exist in dynamic equilibrium among

multiple conformational states whose Gibbs free energies
differ marginally. Conformational fluctuations among different
states have long been recognized to be important for protein
function, for example, enzyme catalysis." ™ Several nuclear
magnetic resonance (NMR) approaches that can describe
ensembles of high-energy protein conformations in solution
have been described. Backbone order parameters obtained from
>N spin relaxation analysis and residual dipolar couplings
(RDCs) have been used to describe ensembles of conforma-
tions exchanging on time scales of nanoseconds and micro-
seconds, respectively.” Slower time scale motion, in the range
of 100 us to 10 ms, can be accessed by R, relaxation dispersion
measurements. Chemical shifts of high-energy conformations
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obtained from R, relaxation dispersion experiments have been
used as structural constraints for structure determination.”'%'"
However, the low populations of such states under physio-
logical conditions continue to make such analyses extremely
challenging. In particular, crystal structures of high-energy
states are not accessible.

We have shown that high-pressure NMR spectroscopy
can capture high-energy, typically low-population protein states.
In the case of ubiquitin, which plays crucial roles in multiple
critical cell functions such as protein degradation in the
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ubiquitin—proteasome system and protein—protein interac-
tion,"*'* our previous high-pressure NMR investigationsm_21
indicated that ubiquitin exists in equilibrium among the natively
folded N; state, a totally unfolded U state, and at least two high-
energy states: an alternatively folded N, state and a less
structured I state. Interestingly, we also found that similar high-
energy states were conserved in a group of post-translational
ubiquitin-like modifiers having the EI1—E2—E3 interaction
cascade, specifically NEDD8'? and SUMO-2.*' The solution
structure of ubiquitin at 3 kbar where the N, state is 77%
populated showed that N, has simultaneous reorientation of C-
terminal f-strand and a)-helix, providin% an open conforma-
tion at the C-terminal side of the protein.'® "N spin relaxation
NMR studies conducted at pressures of up to 3 kbar showed
that the conformational fluctuation between N; and N,
occurred in 1—10 ps, with activation volumes of —4 + 3 and
19 + 3 mL/mol for N; to N, and N, to N, transitions,
respectively, at atmospheric pressure. This time scale is too fast
to be accessible to R, relaxation dispersion experiments.

Interestingly, the pressure-stabilized N, structure investigated
by solution NMR was reproduced by 1 ps high-pressure
molecular dynamics (MD) simulations at 3 and 6 kbar®?
starting from the crystal structure of N.>> These results validate
the fact that high-pressure methods can trap high-energy,
typically low-population protein states for studies detailing
atomic structure. MD simulation revealed that water molecules
penetrate the hydrophobic core because of the opening of the
C-terminal end of the protein in the N, conformer.

Ubiquitin not only is functionally important but also is an
important and well-studied target for biophysical investigation.
Many studies have investigated its conformational fluctua-
tions,”'”"***7® but the details of its high-energy states are still
not clear. To create mutants that could potentially mimic the
solution structure of the N, state of the wild-type (WT)
protein, we have compared the N; (30 bar) and N, (3 kbar)
structures and found two key structural interactions of the WT
protein for controlling N;—N, conformational fluctuations: a
hydrogen bond between the 136 backbone carbonyl group and
the Q41 side chain amide group and a salt bridge between the
K11 amino group and the E34 carboxyl group (Figure 1).
Structure and sequence alignments indicated that the hydrogen
bond between 136 and Q41 is highly conserved among
ubiquitin family proteins, including ubiquitin and NEDDS8.”
Using single-amino acid replacements, we altered the hydrogen
bond or salt bridge and created a mutant that favors N,. This
NMR study describes structural, dynamic, and thermodynamic
characterizations of the high-energy N, state of the protein,
which we suggest may be a model for E2 conjugation of
ubiquitin.

4,15

B EXPERIMENTAL PROCEDURES

Sample Preparation. Uniformly *N-labeled and *N- and
13C.labeled ubiquitin mutants (K11A, E34A, Q41A, and
Q41IN) were produced by conventional Escherichia coli
expression. The protein solution was adjusted to a concen-
tration of 1—=2 mM and pH 7.2 at 298 K in 20 mM d-Tris-HCI
buffer containing 7% *H,0.

The ubiquitin-interacting motif (UIM) of VPS27 was
prepared by the F-moc polypeptide synthesis method. The
primary structure of the prepared 24-residue peptide was
YPEDEEELIRKAIELSLKESRNSA. Residues P2—A24 corre-
spond to residues 256—278 of VPS27. The N-terminal tyrosine

1875

118
120
o 122
S
o
2
4124 >
©
126
_ 6 WT 128
3 & S+ K11A Q41A
67 E34A Q41N
‘ . —L130
10.0 95 9.0 8.5
"H/ppm

Figure 1. Overlay of the ""N—"H HSQC spectra of WT (black) and
mutants of ubiquitin (K11A, green; E34A, blue; Q41A, purple; Q41N,
red). The experiments were performed in 1—1.5 mM protein, 20 mM
Tris-HCl buffer, and a 7% *H,0/93% H,0 mixture (pH 7.2) at 298 K.
Peaks were assigned on the basis of WT spectra using "“N-edited
TOCSY and NOESY experiments. The inset shows ubiquitin with the
locations of the substituted side chains. Peak positions are indicated for
residues 23 (O), 42 (X), 44 (x), 45 (*) 50 (+), 68 (O), and 70 (+).
Lines connect WT (black) and Q41N (red) and show that all mutant
peaks lie approximately in a straight line.

is added for a measurement of the peptide concentration by UV
absorption.

NMR Measurements and Analysis. For signal assign-
ments, NMR experiments were performed at 298 K (pH 7.2)
on a DRX-600 ('H, 600.23 MHz) spectrometer (BrukerBio-
Spin Co.). All HSQC cross-peaks in the mutants were assigned
to individual amino acid residues using '*N-edited TOCSY and
NOESY experiments based on WT assignments. CBCA(CO)-
NH, HNCACB, HNCA, HN(CO)CA, HNCO, HN(CA)CO,
HBHA(CO)NH, CC(CO)NH, HCC(CO)NH, HCCH-
TOCY, and CCH-TOCY"° spectra were recorded on uniformly
doubly N- and "“C-labeled Q41N ubiquitin. '"H chemical
shifts were referenced to the methyl signal of DSS, and "N and
BC chemical shifts were indirectly referenced to DSS (0 ppm
for 'H). Data were processed usin% Topspin version 1.1
(BrukerBioSpin Co.) and NMRPipe.>" Signals were assigned
using NMRView”” and KUJIRA.*?

High-pressure NMR measurements were performed between
1 bar and 3 kbar on WT and Q41N ubiquitin using a DRX500
("H, 500.13 MHz) spectrometer (BrukerBioSpin Co.) with a
capillary pressure-resistance cell®* or on an AVANCE3-800
('H, 800.34 MHz) spectrometer (BrukerBioSpin Co.) with a
ceramic pressure-resistance cell (Daedalus Innovations).>”

Structure calculations for the doubly *N- and '*C-labeled
Q41N ubiquitin were performed with CYANA version 3.93%
with distance and angle constraints. Distance constraints were
obtained from “N-edited NOESY, *C-edited NOESY, and
BC-edited aromatic NOESY spectra with a mixing time of 100
ms. The backbone ¢ angle constraints were derived from ]
coupling constants based on N-edited HNHA®" measure-
ments with the following criteria: —160° < ¢ < —80° for | > 8
Hz, and —90° < ¢ < —40° for J < 6 Hz. Backbone ¢ and ¢
angle constraints were also derived using TALOS*:*® for -
sheet, —120° < ¢p <—20° and —100° < ¢ < 0°, and for a-helix,
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—200° < ¢ < —80° and 40° < ¢ < 220°. 'H-"N residual
dipolar couplings (RDCs) were used for angle constraints with
a 0.5 Hz error. The weight of the RDC constraints® in the
CYANA calculation was set to 0.05 (5%). For structure
refinement, energy minimization was performed in explicit
water (TIP3P) with distance and angle constraints using
AMBER11.%

5N relaxation parameters, R;, R,, and "*'N—"H heteronuclear
NOE, were obtained at 278 and 298 K using a DRX-600
spectrometer with pulse sequences described in the literature.*'
In addition, '*N-R, was obtained using an AVANCE3-950 ('H,
950.33 MHz) spectrometer (BrukerBioSpin Co.). Model-free
analysis was performed using Modelfree version 4.15* and its
interface program FAST-Modelfree™ under the assumption of
axially symmetric molecular tumbling. The *N—'H internu-
clear distance and the N chemical shift anisotropy were
assumed to be 1.02 A and —170 ppm, respectively.

Relaxation dispersion measurements were conducted on an
AVANCE3-800 ('H, 800.34 MHz) spectrometer under high
pressure as described previously** using a ceramic high-pressure
cell.

Phase-modulated clean chemical exchange (CLEANEX-PM)
fastHSQC NMR experiments* were performed at 298 K (pH
7.2 and 7.6) using a DRX-600 spectrometer with six mixing
times (0.005, 0.010, 0.015, 0.02, 0.05, and 0.1 s), where
magnetization is transferred from solvent water to amide
hydrogens of the protein. Spectra were collected with an
increment delay of 2 s. As a reference, fastHSQC without the
mixing times was collected. The water—amide hydrogen
exchange rate is estimated by the following equation.

I/1, = k/(Rj, + k — Rjp) X {exp(—Ryy7,,)

— expl—tp(Rop + BT} 1)
where k is the normalized rate constant related to the pseudo-
first-order, forward rate constant kyy(H,O—>NH) = Xpk, Xj; is
the mole fraction of water (approximately 1), R, is a
combination of longitudinal and transverse relaxation rates in
the CLEANEX measurement, and R;z is the longitudinal
relaxation rate for water (0.6 s~* was used in this experiment).45
I is the peak intensity in the spectrum at different mixing time
Ty, and I, is that in a reference spectrum.

Determination of K, Values from NMR Titration Curve
Fitting. The 1:1 binding model was used for the fitting of the
>N chemical shift changes (AJ5) observed in the titration of
ubiquitin with UIM. Assuming that the observed A is a
weighted average between two extreme values corresponding to
the free and UIM-bound states, we use the following equation
for our analysis

Bo={1+M+A-[(1+M+A?-4M]"*}/2 (2
where P, is the population of ubiquitin bound to UIM, M =
[UIM]/[Ub], and A = Ky/[Ub]y- Details of the analysis are
discussed in the literature.>* The Kj values are obtained by a
global fit.

Thermodynamic Analysis. For the case in which the two
conformers, N, and N,, are in rapid exchange on the NMR
time scale, the observed chemical shift § is related to the
equilibrium constant K, by eq 3:

Ky = (6, = 6)/(5 = 8y) 3)

1876

where 8y, and Jy, are the intrinsic chemical shifts of conformers
N, and N,, respectively, and 0 is the observed chemical shift at
a given pressure. Assuming no compressibility change with
pressure, the Gibbs free energy difference between N, and N, is
expressed by eq 4:

AG, = —RT In K, = AG® + AV°(p — p°)

(4)

where R is the gas constant and AG, and AG® are the Gibbs
free energy differences at pressure p and 1 bar, respectively.
AV? is the partial molar volume difference between N, and N,
at 1 bar. By combining eqs 3 and 4, we can express the chemical
shift by eq S
AG® + AV(p — p°)
§N1 + 5N2 exp[—T”:I
AG°+ AV°(p —p°)
RT

o=

1+ exp[— (s)
Chemical shifts at different pressures were fit to eq S with
four variables: dy, Oy, AG®, and AV°. We performed a global

fitting for multiple 'H and '*N chemical shift data of different
residues. For the WT sample, AG® and AV° are global
variables. For Q41IN, AG® is a global variable but AV® is
assumed to be the same as that of WT.

B RESULTS

Figure 1 shows a superposition of the "N—'H HSQC spectra
of uniformly '*N-labeled wild-type ubiquitin and four different
mutants: K11A, E34A, Q41A, and Q41N. Several peaks in
segments 30—4S and 68—73 show substantial changes in N
and 'H chemical shifts upon mutation. Interestingly, for many
residues, the chemical shift changes in the different mutants fall
close to a straight line, and the magnitudes of the shift changes
are consistently in the following order: K11A ~ E34A < Q41A
< Q41N [with the exception of residues located near the
mutation sites (Figure 1)]. A more detailed analysis shows that
the pattern of shift changes from the mutations is strongly
correlated, particularly in a;-helix, the following loop, f;-strand,
and fs-strand (Figure S1 of the Supporting Information).
Because an NMR chemical shift is a population-weighted
average among conformers exchanging on a time scale faster
than the NMR time scale, these correlated changes in chemical
shifts indicate that the mutations all have a similar effect on the
structure, namely, to move the population from the native
folded N, state to the same high-energy state of the protein.
The order of shift changes of the mutants shows how fully this
conformational change has occurred.

Previously, we have shown that an increase in pressure from
30 bar to 3.5 kbar at 293 K causes changes in chemical shifts in
ubiquitin that can be fit well to a transition between two
conformations, N, and N,.'* A comparison of these chemical
shift changes with those resulting from the Q41N mutation
shows a significant correlation (Figure S2 of the Supporting
Information), especially noteworthy considering that hydro-
static pressure also affects chemical shifts by compression of
covalent bonds*® and heterogeneous compression within the
protein.*” Therefore, we may conclude that the population of
the N, state of the protein is increased through these
mutations, as it is by high pressure.'®'®

To estimate the population of N, in WT and Q41N, high-
pressure NMR experiments were conducted for WT and Q41N
under the same conditions (pH 7.2, 298 K, and same buffer).
Panels A and B of Figure 2 show a superposition of HSQC

dx.doi.org/10.1021/bi301420m | Biochemistry 2013, 52, 1874—1885
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Figure 2. (A and B) Superposition of HSQC spectra of (A) WT and (B) Q41N ubiquitin at different pressures. High-pressure experiments were
performed up to 3 kbar for WT on a 'H 500 MHz spectrometer and up to 2.5 kbar for Q41N on a 'H 800 MHz spectrometer. The pressure-induced
shift of the cross-peak for V70 is marked with an arrow. (C and D) Pressure-induced '*N chemical shifts of V70 for (C) WT and (D) Q41N.

spectra of WT and Q41N, respectively, at different pressures.
Sigmoid-shaped changes were obtained for 'H and "N
chemical shifts of some residues of the WT protein with
pressure (e.g., residues 7, 8, 33, 42, and 70). Figure 2C shows
representative pressure-induced N chemical shifts of WT V70.
Assuming two-state exchange between N, and N,, a global
fitting was performed for the WT protein (see Experimental
Procedures). Seven chemical shift data sets (H shifts of
residues 7, 8, 33, 42, and 70 and >N shifts of residues 42 and
70) were used for the fitting with four variables for each data set
(Figure 3): N, and N, chemical shifts, the Gibbs free energy
difference AG®, and the partial molar volume difference AV®
between N; and N,. As a result of the fitting, the global
parameters AG® and AV® for WT at pH 7.2 were estimated to
be 3.4 + 0.13 kJ/mol and —24.7 + 0.8 mL/mol, respectively
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Figure 3. Plots of >N and 'H chemical shifts of amide groups of
selected residues (7, 8, 33, 42, and 70) as a function of pressure. (A)
WT ubiquitin at pH 4.7 and 20 °C."® (B) WT ubiquitin at pH 7.2 and
25 °C. (C) Q41N ubiquitin at pH 7.2 and 25 °C. These curves are the
fits obtained by global fitting of the shifts (see Experimental
Procedures).
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(Figure 3B and Table 1), which are comparable to those
previously measured for WT protein at pH 4.7 (3.9 kJ/mol and

Table 1. Thermodynamic Parameters for the Transition
from N, to N, and Limiting Chemical Shifts ("H or N, in
parts per million) of Selected Residues

4‘/;/:29%) E) error 7‘/2\{1;9(5 E) error 7Q;,1£.\I98( % error
AGP (Ig/ 39 016 34 0.13 22 0.3
mol)
AV° —22.7 0.9 —24.7 0.8 —24.7 -2
(mL/
mol)
7H On, 8.65 0.03 8.70 0.019 8.40 0.07
5N2 9.16 0.03 9.13 0.018 8.97 0.01
8H On, 9.09 0.03 9.10 0.02 9.10 0.05
On, 9.48 0.02 9.50 0.018 9.11 0.01
33H 5N| 741 0.02 7.40 0.019 7.60 0.0
5N2 7.51 0.02 7.51 0.017 7.71 0.01
42H On, 8.47 0.03 8.42 0.019 8.07 0.10
On, 8.77 0.02 8.78 0.017 9.16 0.01
70H 5N| 9.34 0.03 9.32 0.02 9.12 0.0
On, 8.81 0.03 8.79 0.018 8.90 0.01
42N On, 123.09 0.08 123.23 0.07 123.9 0.3
On, 127.69 0.07 127.68 0.06 120.03 0.01
70N O, 130.12 0.17 129.42 0.16 127.7 0.5
On, 118.69 0.16 118.52 0.13 121.34 0.015

“For the analysis of Q41N, the AV value of WT at pH 7.2 (—24.7 mL/
mol) is used, as a constant.

—22.7 mL/mol, respectively). These values imply that the
population of N, in the WT protein is ~20% at 1 bar and 80%
at 3 kbar. In contrast, the pressure-dependent chemical shifts in
Q41N suggest that even at 1 bar it is predominantly N,. As a
representative, "°N chemical shifts of V70 for Q41N are shown
in Figure 2D. This makes it more difficult to fit the shifts
accurately, because much less of the transition is experimentally
accessible. Consequently, AV® for Q41N was assumed to be
the same as that of WT (i.e,, —24.7 mL/mol). AG® was then fit
to be —2.2 + 0.3 kJ/mol, showing a population of N, of 71% at
1 bar and 98% at 3 kbar. Thermodynamic parameters for WT
and Q41N proteins obtained by the fittings are summarized in
Table 1.

dx.doi.org/10.1021/bi301420m | Biochemistry 2013, 52, 1874—1885
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Figure 4. Solution structure of Q41N ubiquitin, the first model mutant of the N, conformation of ubiquitin. (A) Ribbon representation of the
lowest-energy model. (B) Stereoviews of the 20 lowest-energy structures of Q41N (green, PDB entry 2RSU), the 10 lowest-energy structures of N,
at 30 bar (blue, PDB entry 1V80), and the 10 lowest-energy structures of N, at 3 kbar (red, PDB entry 1V81) of the WT protein. The ubiquitin
structures at 30 bar and 3 kbar were also energy-minimized the same way. All models are calculated with CYANA (version 1.2 for WT or version
3.93 for Q41N) and energy-minimized using AMBERI11. Large displacements from N, (blue) are observed at a;-helix, the following loop, f;-strand,

and fq-strand.

To further understand the structural changes that occur
because of the Q41N mutation, we determined the solution
structure of the mutant using distance and angle constraints.
Distance constraints were obtained from ’N-edited NOESY,
13C-edited NOESY, and '*C-edited aromatic NOESY with a
100 ms mixing time. The backbone ¢ and ¢ angle constraints
were derived from ] coupling constants ('*N-edited HNHA)
and chemical shifts ("H, "N, and *C) using TALOS*>® Angle
constraints for backbone NH groups were obtained by 'H—""N
residual dipolar couplings (RDCs).* Structures were calculated
using CYANA version 3.93%° and then energy-minimized using
AMBER11* in explicit water (TIP3P). Figure 4A shows a
ribbon model of the refined structure, and geometrical statistics
are summarized in Table 2. Because Q41N has a 71:29 ratio of
N, to Ny, the averaged structures derived by this NMR analysis
do not fully represent 100% N,. However, given the r~°
dependence of NOEs and the network anchoring algorithm
of CYANA,* which are both likely to reduce the impact of
NOEs from the N minor conformer, the structure is likely to
be heavily biased toward the pure N, conformer. Stereopairs of
the 20 lowest-energy structures of Q41N (green) are compared
with WT N, at 30 bar (blue) and N, at 3 kbar (red) (Figure
4B). The resultant structure of the mutant reveals a large
displacement of a;-helix, the following loop, and C-terminal f-
strand compared to those of N, while the hydrophobic patch
centered on 144 in the f-sheet region is almost intact. Chemical
shift differences in amide H, amide N, C’, Ca, and Ha were
also analyzed to evaluate the obtained structure (Figure S3 of
the Supporting Information). Large differences were observed
at several residues along a,-helix, the following loop, B;-strand,
and fs-strand. In particular, changes are substantial at residues
27, 30, 70, and 71, these being the largest changes in the
protein except for that of residue 41 that is substituted in the
mutant. Because the amide N, C’, Ca, and Ha chemical shifts
are sensitive to the backbone torsion angles ¢ and ¢, the large
changes in chemical shifts coincide well with the changes in the
backbone orientations of these residues. We calculated the
chemical shifts of the Q4IN structure by using SHIFTX2
version 1.07.** There are highly significant correlations between
observed (raw values) and back-calculated chemical shifts (R

1878

Table 2. Statistics of 20 NMR Structures of Q41N Mutant
Ubiquitin at 1 bar and 298 K“

restraints used in the structure calculation

no. of distance constraints 1455
no. of ¢ angle constraints” 36
no. of ¢ and ¢ angle constraints® 80
no. of a.n%le constraints from residual dipolar 67
couplings
residual violations in the CYANA calculation
target function values (A%) 3.99 + 0.04
no. of van der Waals restraint violations® 3
no. of residual dipolar coupling restraint 3
violations®
residual violations after AMBER energy minimization
close contacts 1
distance deviation of >0.2 A (no. of violations) 023 + 0.02 (2)
RDC deviation (Hz) 0.74 + 0.33
geometric statistics”
average backbone atom rmsd from the mean (A) 0.1
average heavy atom rmsd from the mean (A) 0.65
Ramachandran analysis®
most favored regions (%) 87.5
additional allowed regions (%) 12.5
disallowed regions (%) 0.0

“Twenty structures with the lowest target function are selected from
200 structures calculated with CYANA version 3.93 from randomized
starting structures. Atomic coordinates and structure constraints are
deposited as PDB entry 2RSU. Signal assignments are deposited as
BMRB entry 11505. “Torsion angle constraints obtained from ]
coupling constants by a three-dimensional HNHA experiment: —160°
< ¢p < —80° for | > 8 Hz, and —90° < ¢p < —40° for ] < 6 Hz. “Torsion
angle constraints from chemicals shifts using TALOS": for f-sheet,
—120° < ¢p < —20° and —100° < ¢ < 0°, and for a-helix, —200° < ¢ <
—80° and 40° < ¢ < 220°. “"H-'5N residual dipolar couplings are
used for the angle constraints with a 0.5 Hz error. The weight of the
RDC constraints in the CYANA calculation is set to 0.05. “Constraints
violated in more than six structures. 'rmsd for residues 1—70.
#Ramachandran analysis for residues 1—74. Pro and Gly are not
involved in the evaluation.

dx.doi.org/10.1021/bi301420m | Biochemistry 2013, 52, 1874—1885
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Figure 5. °N transverse relaxation rates, *N-R,, of (A) WT and (B) Q41N ubiquitin. "*N transverse relaxation NMR experiments were performed
at 'H 600.23 MHz (298 K, gray; 278 K, blue) and 'H 950.33 MHz (298 K, green; 278 K, red) frequencies. R, experiments were performed with 10
relaxation delays from 20 to 280 ms (600 MHz) and seven relaxation delays from 20 to 150 ms (950 MHz). Residues 19, 37, and 38 are prolines,
giving no data. Severe line broadening prohibited quantitative evaluation of R, values for residues 24 and 53 under all experimental conditions. (C)
Difference of *N-R, between 278 and 298 K (*H, 600 MHz) for WT (O) and Q41N (®). (D) Frequency dependence (950 to 600 MHz) of '*N-R,
at 278 K for WT (O) and Q4IN (@). (E) Effects of pressure on *N-R, of the WT protein at 293 K. Data were collected on a 'H 800 MHz

spectrometer.'®
indicated at the top of the panel.

The asterisk indicates residue 36, for which data were not available because of severe line broadening. Secondary structures are

values of 0.90 for amide H, 0.91 for amide N, 0.87 for C’, 0.99
for Ca, 0.94 for Ha, and >0.99 for C;), which validate the
backbone orientations of Q41N determined by NMR. These
structural characteristics are very similar to those of N,
stabilized at 3 kbar, although the orientations of the a;-helices
do not exactly match. However, these structural features
confirm that the alternatively folded structures produced by
pressure and by the Q41N mutation are essentially identical.
To evaluate how well the RDCs of Q41N fit to the N; and N,
conformations, RDC values were back-calculated from the
structures of WT at 30 bar (N; model) and 3 kbar (N, model)

1879

and compared to the RDCs of Q41N. The difference between
experimental and back-calculated RDCs for residues 23—43 is
larger for WT at 30 bar (average of 4.1 Hz) than for WT at 3
kbar (average of 2.5 Hz). These results confirm that N, is a
better model for Q41N than N;.

Changes in dynamics of the protein are manifested by '
spin relaxation NMR spectroscopy. Figure S shows the
transverse relaxation rate constants R,*' of the backbone amide
groups for WT (A) and Q41N (B), which are sensitive probes
of the microsecond to millisecond motion of proteins. R, values
were collected at two different temperatures, 298 and 278 K,

dx.doi.org/10.1021/bi301420m | Biochemistry 2013, 52, 1874—1885
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Figure 6. "*N spin relaxation dynamics of ubiquitin mutant Q41N (histograms) and WT (@) at pH 7.2 and 278 K. The data were collected at a 'H
frequency of 600.23 MHz and a "N frequency of 60.83 MHz. (A) "N longitudinal relaxation rates, R;. (B) "N transverse relaxation rates, R,. (C)
Heteronuclear Overhauser effects, ""N-NOE. (D) Order parameters of NH vectors, S* (E) Internal correlation times, . (F) Exchange contributions
to "*N transverse relaxation rates, R,,. Plots in panels D—F were obtained from a model-free analysis of the spin relaxation parameters for the protein
with ModelFree version 4.15 and its interface program FAST-Modelfree assuming axially symmetric molecular tumbling. The overall rotational
correlation time was set to 8.1 ns for both Q4IN and WT proteins. Relaxation parameters are deposited as BMRB entry 11505.

and at 'H 600 MHz and 'H 950 MHz frequencies. For WT and
Q41N at 298 K, the R, values are almost constant along the
sequence, except for those of the residues in the flexible C-
terminal region. Unlike in WT, in Q41N, the R, values for the
a;-helix, the following loop, and f;-strand at 278 K and 600
MHz are approximately 10 s™' larger than those of the WT
protein (Figure SB,C). To characterize these dynamics in
greater detail, we conducted the model-free analysis of Lipari
and Szabo**° using "*N-R;, R,, and NOE data collected at 278
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K (Figure 6). The order parameters S>, which represent the
degree of spatial restriction of individual N—H vectors on the
picosecond to nanosecond time scale, are nearly equivalent
between WT and Q41N, except for a substantial decrease in the
S? of residue 28 at the center of @;-helix. Assuming the simplest
model for fast conelike motions of the NH vector, a decrease in
$? (e.g, 1.0 = 0.7) for the NH vector of residue 28 implies an
increase in the amplitude of the motion (e.g,, 0° — 30°) at the
center of a;-helix in Q41N.* These dynamic characteristics on

dx.doi.org/10.1021/bi301420m | Biochemistry 2013, 52, 1874—1885
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the picosecond to nanosecond time scale at the center of a;-
helix could be the origin of the structural differences seen in
this region (Figure 4B). This idea is consistent with that seen
by chemical shift changes (Figure S3 of the Supporting
Information). In contrast, the conformational exchange
contribution R, to the transverse relaxation constant, namely
a conformational fluctuation taking place on the microsecond
to millisecond timescale, is significantly increased in Q41N
compared to that in WT at 278 K, especially at residues 13, 14,
23, 25, 28, 29, 33, and 71. In addition, substantial increases in
R, are observed for several residues in a;-helix, the following
loop, f;-strand, and fs-strand at 950 MHz and 278 K (Figure
SD). The static magnetic field dependence of R, also indicates
the presence of an exchange contribution to R, in these regions
of Q41N. These regions coincide well with those showing large
structural displacements in the mutant protein. Indeed, there is
a significant correlation between changes in '*N-R, and 5%y on
mutation (R = 0.35 for 67 R, data). It is noteworthy that similar
increases (approximately 12 s7') in R,, were observed for these
regions of the WT protein at 3 kbar (293 K) (Figure SE),
where the N, conformer forms 77% of the solution population
and the exchange rate constants (k;, + k,;) are ~3 times
smaller (k;, = 1.27 X 10° s™" and k,, = 0.38 X 10° s~ at 3 kbar
and 293 K) than those typically found at 1 bar.'® The similarity
between effects of mutation and pressure on R, (R = 0.69 for
67 R, data) strongly indicates that the R,, observed for Q41N
at 278 K originates primarily from the fluctuation between
conformers N and N,. The exchange contribution is enhanced
in the mutant sample due, most likely, to a further increase in
the N, population and a slowing of the exchange rate constants
(ki + ky;) at low temperatures, similar to the WT protein
under high pressure. Relaxation dispersion experiments have
been conducted with WT and Q41N at a range of pressures
and confirm these observations, further suggesting that
exchange remains faster than approximately 10* s™" even at
278 K and 2 kbar (Figure S4 of the Supporting Information).

To further characterize the dynamics and stability of the
protein, we performed CLEANEX-PM NMR experiments* at
pH 7.2 for the WT and Q41N proteins. CLEANEX-PM spectra
are shown in Figure S5 of the Supporting Information, and an
analysis of the water—amide proton exchange rates with the
assumption of a pseudo-first-order reaction is shown in Figure
7. The WT protein demonstrated exchange rates faster than
0.01 s™" for exposed backbone amide protons that were
hydrogen-bonded with water molecules and were therefore
actively exchanging (Figure 7A,C). In contrast, remarkable
increases in water—amide proton exchange rates were observed
at residues 31—33, 35, 40, and 41 at the end of @;-helix, the
following loop, and the beginning of f;-strand in Q41N (Figure
7B,D). Because many of these residues are involved in the
conformational transition from N, to N,,'® these increases in
water—amide proton exchange rates can be explained by the
swinging out of ;-helix with a simultaneous reorientation of C-
terminal f-strand and concomitant penetration of water into
the hydrophobic cavity, as predicted by high-pressure NMR'®
and MD simulation®* for the WT protein. Similar but smaller
changes in water—amide proton exchange rates are observed for
similar regions in Q41A, but they are much smaller in K11A
and E34A (Figure S6 of the Supporting Information),
suggesting that the observed increase in the water—amide
proton exchange rates of a;-helix and loop regions in the
ubiquitin mutants can be attributed to an increased N,
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Figure 7. Comparison of water—amide proton exchange rates for
ubiquitin in (A and C) WT and (B and D) Q41N. The water—amide
proton exchange rates are estimated by a least-squares fitting assuming
a pseudo-first-order reaction (H,0 — NH). For Q41N, the water—
amide proton exchange rates are obtained at pH 7.2 (histogram). The
residues that show faster water—amide proton exchanges are marked
by colors according to their rate constants (k): k > 157" (red), and 1

s7' > k> 0.01 s (orange).

population that is preferentially favored, especially in the
Q41N mutant as compared to the WT.

To understand the functional importance of the N, state of
ubiquitin, we examined the association between the ubiquitin-
interacting motif (UIM) of Vps27 and ubiquitin (UB) for both
WT and Q41N mutant samples. The UIM is found in many
trafficking proteins; in particular, the Vps27 UIM is involved in
the pathways of endocytosis and vacuolar protein sorting.>'
Nine HSQC measurements were taken at [UIM]/[UB] ratios
varying from 0 to 3.4. According to the solution structure of the
ubiquitin—UIM complex,”>’ the UIM binds to the p-sheet
region that comprises f3-, ff;-, and fs-strands (Figure 1) and the
hydrophobic patch centered on 144, which is a binding region
for many interacting proteins.”’ SN chemical shifts of several
residues located on these f-strands were used in a two-state
binding model analysis (Figure S7 of the Supporting
Information). The dissociation constant K; for UIM is
estimated from 13 data sets (residues 7, 11, 13, 41, 43, 44,
46—48, and 69—72) as 230 + 30 uM for Q41N, which is
identical within error to that for WT (210 + 11 uM). These
results indicate that the N;—N, fluctuation has little effect on
binding with the UIM. Furthermore, the changes in 'H and BN
chemical shifts induced by mutation observed in free ubiquitin
are retained in the UIM complex, except in some of the f;- and
B-strands where the UIM binds (Figure S8 of the Supporting
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Information). This means that the N, state continues to be
significantly populated, even in the UIM-bound form of the
mutant sample.

B DISCUSSION

Pressure and Mutation Effects. Here, we have shown that
four mutations in ubiquitin produce highly correlated sets of
chemical shift changes, and that these chemical shift changes
also correlate with shift changes caused by pressure
perturbation. The shift changes are spatially grouped together
in a;-helix, the following loop, f;-strand, and fs-strand. NMR
relaxation experiments show changes in dynamics in the same
residues, again with parallel effects in the mutants and at high
pressure. These results indicate that mutation and pressure
mainly act to shift the population from the native N;
conformation to a higher-free energy N, conformation. For
Q41N, the N;:N, population ratio is 29:71 at atmospheric
pressure.

The correlation between mutation and pressure effects can
be explained by the Gibbs free energy difference (AG) between
any two conformers (eq 4). The structure of a protein is closely
coupled to its partial molar volume, and typically as it unfolds
under physiological conditions, there is a corresponding
decrease in the partial molar volume due to the hydration of
its internal cavities and solvent contraction around the hydrated
charge groups. Thus, in general, pressure can cause a
population shift among protein conformers through the
AV°(p — p°) relationship of eq 4. This population shift occurs
with the highest-molar volume conformer, N, which has the
lowest Gibbs free energy and is the most stable and ordered,
through to the various lower-volume conformers, N, and I, that
have a less ordered conformation, and finally to the lowest-
volume conformer, U, which has the highest energy and is
unstable and disordered."”

In contrast, mutant ubiquitin at constant temperature and
pressure will undergo a change in AG® (eq 4) upon a transition
in conformation that results from changes in AH® and AS°
(AG®° = AH® — TAS®). The structure obtained by NMR shows
that the Q41 — N mutation weakens the interaction between
the loop and f;-strand by the loss of the hydrogen bond
between the 136 C=O group and the Q41 side chain NH,
group. Moreover, the mutation causes significant amplification
of the microsecond to millisecond time scale motion and
hydration at the backbone sites of @;-helix, the following loop,
Py-strand, and fs-strand (see Water—Amide Proton Exchange
and Thermodynamic Stability). These enthalpic and entropic
effects on mutation are considered to be the reasons for the
increase in the population of the N, conformer in the Q41N
sample.

The changes in structure and dynamics (e.g., atomic
coordinates, chemical shifts, and 'SN-R, values) show a similar
tendency, but do not exactly match, between mutation and
pressure perturbations. Although neither the Q41N structure at
1 bar nor the wild-type structure at 3 kbar is 100% N,, the
similarities in their features suggest that the wild-type N, state
at 1 bar is closely similar to both. The discrepancy can be
explained by the other effects of mutation and pressure. For
instance, mutation changes the atomic packing around the
nuclei that are spatially close to the substituted side chain, while
increased pressure reduces the entire structural volume, namely
atomic packing; thus, pressure-induced changes in NMR
parameters include the effect of mechanical compression of
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each conformer as well as a population shift among the
conformers.

Structural Characteristics of the High-Energy Excited
N, State. The high population of N, in Q41N allowed us to
conduct a standard NMR structure calculation. The structure is
of high quality and shows that the Q41N mutation leads to a
weakened interaction between the loop and f;-strand. Because
the acceptor partner of the N41 side chain is not present within
a reasonable hydrogen bonding distance (~3 A), the hydrogen
bond between the 136 C=O0O group and the Q41 side chain
NH, protons, which is a highly conserved structural feature of
the ubiquitin family of proteins, could be severely weakened or
broken in Q4IN (N, model). Although the structure and
CLEANEX-PM analysis show that the N41 side chain exists in
the protein interior and its side chain NH, group is protected
from solvent as seen in the WT protein (see Figure SSA of the
Supporting Information for WT and Figure SSB of the
Supporting Information for Q41N), the weakened interaction
in the mutant introduces further changes in interactions
between a)-helix and neighboring regions. Q41N has an
increased amplitude of picosecond to nanosecond motion (e.g.,
0° — 27°) of the NH group at the center of the helix. The
amide hydrogens on residues 31—41 at the end of @,-helix, the
following loop, and f;-strand of Q41N are rapidly exchanged
with solvent protons, while they are much protected from
exchange in the WT protein. These data indicate that the end
of a;-helix, the following loop and f;-strand in Q41N have
looser packing and their backbone amide groups are fully or
partially hydrogen bonded with solvent water. The weaker
atomic packing allows greater penetration of water into the
protein interior. The increases in chain entropy and hydration
entropy overcoming the losses of interactions would contribute
to a stabilization of the N, conformer in the Q41N sample. The
water penetration in N, gives N, a smaller partial molar volume
than Ny, explaining why it is favored at high pressure. The
effects of the K11A and E34A mutations were smaller than
those of the Q41N and Q41A mutations, showing that the 136
C=0--Q41 Ne hydrogen bond is more important for the N;,—
N, equilibrium than the K11—E34 salt bridge. Indeed, pH
titration NMR experiments for Asp and Glu side chains showed
that E34 was not involved in significant salt bridge interaction
in WT protein (data not shown), although the side chains of
K11 and E34 were found to form a surface-exposed salt bridge
in the solution structure (PDB entry 1D3Z).

Water—Amide Proton Exchange and Thermodynamic
Stability. Amide hydrogen atoms found in the backbone of
folded proteins exchange protons with the solvent water at a
slower rate than in unfolded proteins. Proteins in a native
conformation have a strong tendency for the secondary
structure to remain relatively protected from proton exchange.
However, when the structure unfolds into an intermediate or
unfolded forms, the amide hydrogens become more exposed to
water and therefore exchange more quickly. In this CLEANEX-
PM approach, it was observed that magnetization of protons is
transferred from the solvent water to the amide groups during
the mixing period of 0.005—0.1 s. This magnetization transfer is
only observed among the amide groups that are exposed to the
solvent water.

According to a previous high-pressure NMR study,'® the
transition rates k;, (N; = N,) and k,; (N, = N;) in the WT
protein are estimated to be 0.72 X 10° and 4.1 X 10° s7,
respectively, at 293 K and 30 bar. Therefore, under these
experimental conditions (pH 7.2, 298 K, and 1 bar), k;, and k,,
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are much faster than the rate of exchange of amide hydrogens
with solvent water in an unstructured peptide, k. (10—10°
s71).>> While conventional hydrogen—deuterium exchange
NMR spectroscopy detects slower proton exchange with
protection factors of >10° (17 kJ/mol at 298 K), this
CLEANEX measurement detects rapid proton exchange that
is scarcely observed in the hydrogen—deuterium exchange
NMR measurement at neutral pH. The amide hydrogens on
residues 31—41 in a;-helix, the following loop, and f;-strand of
Q41N rapidly exchanged with protons, while they were
protected from exchange in the WT protein. Indeed, the WT
protein residues in the stable a;-helix and B-sheet structures
showed AGyy values that had a much higher stability than 17
kJ/mol, even at low pH (pD* 3.5 and 295 K).** These data
indicate that the ends of @,-helix, the following loop, and the
Ps-strand regions in Q41N have loose atomic packing and
lower stability than the other regions. These structural and
dynamic characteristics of Q41N coincide with those of N, of
WT ubiquitin observed by high-pressure NMR and MD
simulation, which suggests a swinging out of a;-helix and the
following loop and concomitant 8penetration of water into a
hydrophobic core of the protein.'

Novel Recognition Dynamics of Ubiquitin. Ubiquitina-
tion leads to a wide range of functional consequences, including
proteasomal degradation, DNA repair, cellular trafficking,
immune responses, and chromatin remodeling.s'4 In all these
cases, ubiquitin is covalently attached to its target by the
sequential activity of El-activating, E2-conjugating, and E3-
ligase enzymes. There are several other proteins that are
attached to targets in analogous ways, such as NEDD8 and
SUMO. This requires ubiquitin to interact with a wide range of
proteins. In many cases, it interacts via a hydrophobic patch
centered on 144 on fs-strand, but other sites have also been
identified, including an a/f groove between a;-helix and f,-
strand and an “alternative site” centered on 136.°>°° Structures
of complexes bound at the hydrophobic patch show that
ubiquitin adopts a range of conformations, which have been
shown to sample the major conformational fluctuations of
ubiquitin.” It is therefore important to ask whether the N,
conformation is part of this fluctuation or is in other ways
functionally relevant.

So far, microsecond time scale backbone motion at four
particular residues (123, N2S, TS5, and V70) in ubiquitin has
been observed by NMR spin relaxation experiments.”>*® The
chemical exchange process at these residues was considered to
result from disruption of N-cap hydrogen bonds of a;-helix.
Indeed, it has been demonstrated by X-ray crystallography that
two conformations of ubiquitin that are similar in their overall
folds but differ in these regions of the conformers can be
identified.”” This backbone dynamics observed at the residues
seems to be a part of a native state ensemble of the protein
rather than the N;—N, fluctuation.

Several dynamic ensembles of ubiquitin have been described,
in particular EROS,” ERNST,”” and DER.” The EROS and
ERNST structural ensembles are refined against NOEs and
RDCs and therefore contain information about solution
dynamics up to microseconds, while DER is refined against
NOEs and order parameters, S% thus, the DER ensemble
contains information about the dynamics on a picosecond to
nanosecond time scale. A principal component analysis was
conducted over all these ensemble conformations. A projection
of the ensembles onto principal components 1 and 2 is shown
in Figure S9 of the Supporting Information. Interestingly, the
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Q41N structures as well as the WT at 3 kbar cluster separately
from the three ensembles, indicating that the N;—N,
fluctuation taking place on the 1—10 s time scale is different
from the native state dynamics taking place within micro-
seconds.””” Q41N is also different from the structure of the
ubiquitin—Vps27 UIM complex, which is bound at the
hydrophobic patch.*"*® This implies that N, is not involved
in the conformational change associated with the hydrophobic
patch. In support of this conclusion, we note that the affinity of
ubiquitin for the UIM was identical for WT and Q41N, and
that the N, conformer was still significantly present in the UIM-
bound mutant (Figure S8 of the Supporting Information).
These results indicate that the N;—N, fluctuation is orthogonal
to binding at the hydrophobic patch and could be a novel
recognition dynamics of ubiquitin that was previously
inaccessible.

Several other binding sites have been identified on
ubiquitin.®®> One of these is centered at 136, in the a;—f,
loop, and is thus coincident with the N;,—N, conformational
change. We previously found that the a;—f; loop of ubiquitin
was involved in its conjugation onto the UbcHSb E2 enzyme.*®
There are now six structures in the Protein Data Bank of E2—
ubiquitin conjugates.’”** SAXS and NMR found three different
binding positions for the ubiquitin conjugation, “closed”,
“open”, and “backbent”. Although two structures utilize the
canonical recognition surface of the ,—f, turn and f;-strand,
in four of the structures, the interaction between ubiquitin and
E2 is strikingly at the a;—f; loop (and at the C-terminus of
ubiquitin, where E2 is attached), as shown in Figure S10 of the
Supporting Information. The binding site of the a;—f; loop
seems to be used when ubiquitin poses at the backbent position
in E2—ubiquitin conjugates.59 Just as interactions at the
hydrophobic patch operate by conformational selection and
select different conformers from the major ensembles, it seems
likely that interactions in the a;—f; loop select different
conformations here and at the f;—f, turn. We therefore
propose that N, represents a conformational change that is
required during the E2 conjugation process. This functional
role is consistent with the observation that similar high-energy
states were conserved in a group of post-translational ubiquitin-
like modifiers having the E1—E2—E3 interaction cascade,
specifically NEDD8'® and SUMO-2.>"

B CONCLUSION

Rational mutation based on the characteristics of the structure
and dynamics of proteins obtained from pressure experiments
is a new strategy for amplifying particular fluctuations in
proteins. We have demonstrated that this approach leads to
significant advances in the study of the structure and function
of the marginally populated high-energy states of proteins.
Multiple NMR analyses have demonstrated that the ubiquitin
mutant Q41N is stable and preferentially adopts the N,
conformation that has been characterized by high-pressure
NMR spectroscopy'® and MD simulation.”* In this work, we
present the high-resolution structure of the N, conformer at
atmospheric pressure. We also show that a hydrogen bond
between the I36 backbone carbonyl group and the Q41 side
chain amide group is critical for controlling the N;—N,
dynamic motion of the protein. We suggest that N;—N,
fluctuation that is a novel recognition dynamics beyond the
native state dynamics can be important for the events that
occur during conjugation by the E2 enzyme. Considering that
N,—N, fluctuation is conserved in other post-translational
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ubiquitin-like modifiers,'” the Q41N mutant is useful for
further structural and functional studies of ubiquitin and
ubiquitin-related systems.
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