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ABSTRACT According to NMR chemical shift data, the ensemble of ubiquitin is a mixture of ‘‘open’’ and ‘‘closed’’ conformations
at rapid equilibrium. Pressure perturbations provide the means to study the transition between the two conformers by imposing an
additional constraint on the system’s partial molar volume. Herewe use nanosecond-timescalemolecular dynamics simulations to
characterize the network of correlated motions accessible to the conformers at low- and high-pressure conditions. Using the
isotropic reorientational eigenmode dynamics formalism to analyze our simulation trajectories, we reproduceNMR relaxation data
without fitting any parameters of our model. Comparative analysis of our results suggests that the two conformations behave very
differently. The dynamics of the ‘‘closed’’ conformation are almost unaffected by pressure and are dominated by large-amplitude
correlated motions of residues 23–34 in the extended a-helix. The ‘‘open’’ conformation under conditions of normal pressure
displays increasedmobility, focusedon the loop residues17–20, 46–55, and58–59at thebottomof the coreof the structure, aswell
as the C-terminal residues 69–76, that directly participate in key protein-protein interactions. For the same conformation, a
pressure increase induces a loss of separability between molecular tumbling and internal dynamics, while motions between
different backbone sites become uncorrelated.

INTRODUCTION

Ubiquitin is a well-studied protein of eukaryotic cells (1).

This 76-residue-long protein participates in several important

cell processes, such as the cell cycle, signal transduction, and

cell death. A very important aspect of ubiquitin’s function is

to control the selective degradation of cellular proteins: a

covalent linkage with several ubiquitin subunits is the signal

that targets a protein for degradation by the proteasome, a

highly conserved multisubunit protein complex (2). Ubiqui-

tin’s structural features have been investigated in studies

using x-ray crystallography and solution NMR (3–6), all of

which consistently report a mixed a/b structure with a well-

packed core and a flexible C-terminus. The global diffusion

properties, internal motions, and conformational dynamics of

ubiquitin have also been investigated by NMR spectroscopy

as well as molecular dynamics (MD) simulations in numer-

ous studies (7–16).

The existence of multiple isoenergenic (to first approxi-

mation) conformations, known as conformational substates

or conformers, in the energy landscape of proteins was first

described by Frauenfelder and co-workers (17). In a recent

study, Kitahara and co-workers (18) revealed the degree of

structural variability within ubiquitin’s conformational en-

semble by using the online variable pressure cell NMR

technique developed by their group. Variable pressure con-

ditions offer the unique opportunity to experimentally alter

the relative populations within a protein’s conformational

ensemble through the stabilization of the system’s configu-

rations that minimize total volume. That study reported two

major conformer populations: N1 and N2. N1 is the ‘‘closed’’

form, which has a larger partial molar volume and dominates

the ensemble at low-pressure conditions. At higher pressure,

the N2 ‘‘open’’ conformer becomes the dominant population

of the ensemble. The structures of the two conformers were

determined at atomic resolution in a subsequent study by the

same group (19), which demonstrated that N2 displays a

more flexible C-terminus, a partially hydrated core, a per-

turbed hydrogen bond network involving the strand b5, and

a 9� tilt in the angle of the extended a-helix (residues 23–34)
relative to the low-pressure structure. In the same study, the

authors also measured NMR 15N relaxation rate constants as

a probe of ubiquitin’s internal dynamics, under conditions of

low (30 bar) and high (3 kbar) pressure (19). However, de-

spite these large-amplitude fluctuations in the structure of the

two populations, a model-free analysis of the NMR data

failed to identify any significant differences in the dynamics

among the low- and high-pressure ensembles. In this study

we address the issue of dynamic variability between the two

dominant conformers of ubiquitin’s ensemble. Our results

suggest that the large structural changes associated with the

transition from N1 to N2 are accommodated by distinct dif-

ferences in backbone dynamics that are not evident by the

model-free interpretation of the NMR relaxation rate con-

stants in Kitahara et al. (19). Furthermore, we propose that the

pressure increase results in significant changes in the corre-

lated dynamics of the system.

Protein dynamics are considered an inseparable attribute

of protein structure that contribute to protein stability and
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function. NMR relaxation rate constants contain information

on the range of motions accessible to proteins on the pico-

second-nanosecond timescale. However, their interpretation

is usually hampered by the assumption of separability be-

tween global tumbling and internal motions. The distinct

modeling of global tumbling and internal motions is best

represented by the popular model-free analysis, in which

NMR relaxation constants are used to fit a generalized order

parameter that measures the degree of spatial restriction of

the motion, and an effective correlation time that is a measure

of the rate of the motion (20). This assumption does not ad-

equately describe flexible parts of proteins, or systems with

large fluctuations in their conformational ensemble. NMR

relaxation rate constants can contain contributions from dif-

ferent ensemble populations that display distinct structural

features with amplitude-modulated motions; therefore, their

interpretation on the basis of a simple model or a set of

mobility parameters is, for these cases, incomplete (21).

In the case of a fluctuating protein structure, such as the

current view of ubiquitin’s ensemble, the lack of an overall

alignment frame impedes the separation of the internal mo-

tional contribution from the global diffusion of the system as

a whole. Thus, interpretation of NMR relaxation data on the

basis of common analytical models, such as the standard

model-free approach (20,22) or its derivative, the extended

model-free approach (23), results in systematic errors since

the contribution of global diffusion to the generalized order

parameter is nonnegligible. Consequently, the model-free

derived order parameters are expected to represent a biased

estimate of the systems internal motions (24). The use of MD

simulations to predict/interpret NMR relaxation rates is an

attractive alternative to standard analytical models (25–27).

However, due to inadequate sampling of global diffusion

during the MD trajectory lengths accessible in simulations

(nanosecond timescale), the calculation of relaxation pa-

rameters directly from the MD simulation data is prone to a

nonnegligible amount of statistical error. In the case of dis-

ordered proteins, the lack of an overall alignment frame

further impedes the calculation of NMR order parameters

from long MD trajectories.

To overcome these inherent limitations in the analysis of

relaxation constants, Prompers and Bruschweiller (28) de-

veloped a rather elegant and robust approach, called the iso-

tropic reorientational eigenmode dynamics (iRED) method.

This method is a novel way to interpret and relate NMR re-

laxation data with results from MD simulations to obtain an

accurate description of protein dynamics. iRED is based on

the calculation of a covariance matrix of the interactions

under consideration, expressed as the Legendre polynomial

of the angle between the bond vectors (sites). The matrix is

averaged throughout the simulation, while its diagonalization

yields the principal modes of concerted motions in the protein

(eigenvectors) and their corresponding collective amplitudes

(eigenvalues). The resulting eigenmodes may include con-

tributions from both global tumbling and internal motions.

This overcomes the need for an overall alignment frame, a

condition not met for long MD trajectories, especially in the

case of disordered proteins. As shown in the original de-

scription of the iRED method, relaxation parameters can be

efficiently computed from MD trajectories on the nanosec-

ond timescale by analytically integrating each snapshot over

an isotropic distribution of directions. More importantly, like

its predecessor RED (29), iRED can directly interpret re-

laxation data and detect concerted motions on the basis of

groups of residues, rather than on a residue-by-residue basis,

as provided by the model-free formalism. This allows the

derivation of correlations between residues in terms of their

dynamics, a conclusion not apparent by a simple inspection

of the structure (30), or the model-free derived order pa-

rameters. In the case of a stable, well-folded protein mole-

cule, the contribution from five large-amplitude eigenmodes

dominates the system’s global dynamics. Consequently, in

this limit the model-free derived order parameter would be

equivalent to that calculated with iRED by summing over all

contributions from internal modes. iRED and RED previ-

ously have been applied to characterize the dynamics of

ubiquitin in the native and partially folded ‘‘A-state’’, which

is observed in aqueous alcohol solutions conditions of low

dielectric constant and pH (28,31), the iron-responsive ele-

ment (IRE) RNA hairpin (32), the complex of the U1 snRNA

with its protein partner RDB1 (33), and the HIV-1 trans-

activation response RNA element (TAR) (34).

In this study, we used nanosecond-timescale MD simula-

tions and the iRED formalism to investigate the range of

dynamical changes within the two dominant conformers of

ubiquitin, N1 and N2, under conditions of high and low

pressure. A pressure increase provides the means to study the

consequence of water penetration inside the core of the

protein and the stabilization of lower volume configurations

of the system on its dynamics (35). We used backbone am-

ides as probes of ubiquitin’s dynamics and correlated our

results with experimentally measured longitudinal 15N re-

laxation rate constants provided by Kitahara and co-workers

(19). Averaging of the relaxation rate constants, as calculated

with iRED for individual trajectories, produces the final en-

semble-averaged relaxation rate constants. When compared

with the previously published NMRdata (19), the iRED results

show good agreement. However, although these changes in

dynamics induced by increased pressure were not appreci-

ated by the model-free analysis of Kitahara et al. (19), our

results suggest that the two conformers behave very differ-

ently. The dynamical changes associated with the increase

in pressure and the consequent transition from N1 to N2 can

be attributed to the correlated motions of several residues lo-

cated on the extended a-helix 23–34, the loop region 46–55,

and the C-terminus. These regions are crucial for ubiquitin’s

function because they participate in the binding site of in-

teracting protein partners. Furthermore, a detailed analysis of

our results suggests that pressure has very different effects on

the dynamics of the two conformers: pressure increase has a
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moderate effect in the dynamics of N1, whereas for N2 high

pressure results in the loss of separability of internal and

global motions, and a decrease in the extent of sequence

correlations in internal dynamics, a feature that is indicative

of a less structured system.

MATERIALS AND METHODS

MD simulations

Simulations were run in either AMBER 8 (36) or GROMACS 3.3 (37) using

the Amber94 force field (38) and TIP3P water model (39). The 30 bar (N1)

(Protein Data Bank (PDB) id: 1V80) and 3000 bar (N2) (PDB id: 1V81)

NMR ensembles consist of 10 structures each (19). We selected the most

representative conformation of the high- and low-pressure NMR ensembles

according to the annotation found in the aforementioned PDB files. For the

N2 ensemble, we simulated one additional conformation to verify the sep-

arability results. These conformations were used as starting points for 10-ns-

long MD simulations at 300 K and 1 atm. The configurations after 5 ns of

these simulations were used as starting points for 10–20-ns simulations at

300 K and 3000 atm. Each conformation was solvated in 8959 water mol-

ecules and 11 Na1 and 11 Cl� ions, giving one counterion for each charged

amino acid in the protein. Temperature was controlled using a Nosé-Hoover

thermostat with a 5-ps coupling time (40,41) and pressure was controlled

using a Parinello-Rahman barostat with a 5-ps coupling time (42). The

protein and solvent were coupled to independent temperature baths. The

system compressibility was set to 4.63 10�5 bar�1 for simulations at 1 atm,

2.3 3 10�5 bar�1 for simulations at 3000 atm, and 1.4 3 10�5 bar�1 for

simulations at 6000 atm, corresponding to experimentally determined water

compressibilities (http://webbook.nist.gov). Long-range electrostatic inter-

actions were calculated using particle-mesh Ewald (43) with a grid spacing of

1.2 Å and cubic interpolation. Van derWaals energies were cut off at 10 Å. A

2-fs time step was used and the nonbonded list was updated every 10 inte-

gration steps.

iRED analysis

The iRED formalism was used to analyze the dynamics of both conformers

based on the high- and low-pressure MD trajectories. iRED is based on the

calculation of a real, symmetric covariancematrixM for n interactions (sites).

The elements of the covariance matrix are the second-order Legendre

polynomials of the angle between each pair of amide bond vectors. The

matrix is ensemble-averaged throughout the MD trajectory and diagonalized

to yield the reorientational modes jmæ and the corresponding eigenvalues lm.
The eigenvectors contain information on the contribution of eachmode to the

dynamics of different sites, whereas the eigenvalues quantify the amplitude

of each mode. Under the assumption of separability between internal and

global motions, the Lipari-Szabo order parameter for site i can be calculated

as a sum of the contribution of all ‘‘internal’’ modes:

1� S2

i ¼ +
n

6

dS2

m;i;

where, in the case of a well-folded protein, the five largest modes that

correspond to global tumbling are not included in the summation.

The individual components dS2 are calculated in a preceding step as

dS
2

m;i ¼ lmjÆmjMjiæj2;
where M is the covariance matrix in its eigenbasis, m is the mode under

consideration, and i is the residue index.

As a measure of correlation between the dynamics of sites i and j, we
calculated the expression

Cori;j ¼ lm � Æm2T

i jm2T

j æ;

where m2T is the transpose of the diagonalized covariance matrix m, with its
elements squared. Values of this correlation index were calculated for each

pair of sites and plotted in contour maps (see Fig. 6) to illustrate the cor-

relations in dynamic behavior along the sequence of ubiquitin. This measure

is not dependent on the separability assumption, since it contains contribu-

tions from all modes.

To calculate NMR relaxation parameters, time decay information must be

extracted from the simulation trajectories. This is done by calculating the

projections of all rank 2 spherical harmonics for each interaction on the

previously described eigenvectors:

ÆY2;mjmæðtÞ;
where the subscriptm in the spherical harmonic can take values from�2. . .2.

Time correlation functions of the projected spherical harmonics can then

be ensemble-averaged throughout the trajectory. The total correlation func-

tion for mode m is given by:

CtotmðtÞ ¼ +
2

m¼�2

ÆY2;mjmæðtÞ � ÆY2;mjmæ�ðt1 tÞ:

We used the last 9 ns of all 10-ns-long trajectories to calculate the NMR

relaxation data (Table 1). Most spherical harmonics were found to decay

monoexponentially in good approximation with correlation time constants at

the subnanosecond regime. The fitted correlation times were used to calculate

the spectral density function analytically, as previously described (29). The

longitudinal relaxation rateR1 can then be calculated directly from the spectral

density function, according to relaxation theory (44). In this calculation, we

used a chemical shift anistotropy (CSA) of �176 ppm for the 15N spin and a

value of 1.04 A for the average length of the amide bond, as suggested in the

original iRED publication. Calculations were carried out for an external mag-

netic field of 18.79 T (equivalent to a 15N Larmor frequency of 81.1 MHz).

We used the x2 as a measure of proximity to the experimentally deter-

mined R1 values:

x
2 ¼ +

i

ðR1iRED � R1NMRÞ2
s

2

NMR

:

This estimate was used to fit the ratio of the populations of the two

conformers in both high- and low-pressure ensembles, and to assess the

TABLE 1 Comparison with experimental data

Pressure starting conformer error 1 error 2 error 3

3 bar/1 atm N1 1668 1310 1097

N2 2496

3 kbar/3 atm N1 2647 1836 1184

N2 1776

The x2 error (computed as described in Materials and Methods) was used to

assess the validity of our simulation trajectories, based on the calculated

longitudinal relaxation rate constants. R1 constants were calculated with the

iRED method (29) based on an isotropic distribution of molecular orien-

tations with respect to the laboratory frame. Experimental values were

measured by Kitahara and co-workers (19) at 3 bar and 3 kbar pressure

conditions. Results from individual trajectories, starting from the N1 and

N2 conformers under conditions of low and high pressure (1 atm and 3000

atm, respectively), are compared directly with the experimental values that

were obtained under conditions of similar pressure (error 1), or are averaged

to produce the final, ensemble-averaged relaxation rate constants. The ratio

of the two populations was adapted from a fitting of chemical shift data (19)

(error 2) or according to a least-squares fitting of the R1 constants, as

described in Materials and Methods (error 3).
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validity of our simulation trajectories. For the low-pressure trajectories, the

ratio of populations for the two conformers that minimized the error was

found to be N1:N2 57:43. At high pressure, the fitted ratio was 48:52. In

contrast to the original iRED publication, no additional fitting of correlation

times tm was required to reproduce the experimental data.

RESULTS

Inspection of overall dynamical behavior

The eigenmode collectivity plot (i.e., the fraction of amide

bond vectors that participate in a given correlated motion, k)
versus the eigenvalues of the mode (l) provides a summary

of the motions accessible to each system (defined in Prompers

and Bruschweiler (28)). When expressed on a log x scale, it
provides a ‘‘fingerprint’’ of all correlated motions with the

peptides. For an ideally rigid molecule with no internal mo-

tions, this plot should only contain five points with nonzero

l, since diagonalization of the covariance matrix would yield

only five nonzero eigenvalues. For systems with some cor-

related internal motions, we would expect the modes that

correspond to the internal motions to appear at lower (l, k)
values, resulting in a large separation (gap) from the five

larger (l, k) points. The corresponding plots for our MD

simulations of ubiquitin demonstrate clear differences in the

pressure dependence of the dynamics of the two conformers.

At low pressure (Fig. 1, a and c), both conformers display

separability between internal motions and global tumbling, as

indicated by a large gap in the l dimension. The gap is larger

for the N1 conformer, which indicates a behavior that re-

sembles an ideally folded protein with rapid internal motions

for the low-pressure dominant population, under conditions

of low pressure. The degree of separability between global

and internal modes can be further quantified by a separabil-

ity index of 4.50 and 3.70 for N1 and N2, respectively. In

the limiting case of a static structure, the separability index

is infinite (for a definition of the separability index, see

Prompers and Bruschweiler (28)). However, at high pressure

the conformer N1 retains separability, whereas N2 diverges

from the typical behavior of a well-folded system. This loss

of separability is clearly apparent in the k versus l plot for the
N2 conformer, since a more widely scattered distribution of

modes is observed with no clear gap between the five overall

modes from the remaining, more local-oriented modes (Fig.

1 d). The separability indices for the two conformers at high

pressure further illustrate this trend, with values of 4.56 and

2.78, respectively. In the case of the N2 conformer under

conditions of high pressure, the separability index is closer to

that of a less ordered system, as measured in previous iRED

studies (28).

Generalized order parameters

A direct comparison of the order parameter derived with

model-free analysis based on the NMR relaxation data (19)

with the results of the iRED analysis of our MD trajectories is

shown in Fig. 2. In general, we observe good agreement with

the model-free order parameter under conditions of low

pressure. However, at residues 7–13, 17–20, 46–50, 56–58,

60–61, 65—66, and 72 the model-free derived order pa-

rameters are significantly higher than those calculated with

iRED, particularly for the N2 conformer. The model-free

formalism (20,22) may inadequately describe the dynamic

character of these regions, which are found to be poorly re-

strained in the NMR structures. Furthermore, these regions

FIGURE 1 Eigenmode collectivity plots. The

eigenmode collectivity k (i.e., fraction of sites

significantly affected by the mode) is plotted

versus the amplitude of the mode l, which is

quantified by the eigenvalue of the mode. This

summarizes the range and properties of the

system’s dynamics. Calculations derived from

the N1 and N2 conformer trajectories are plotted

as triangles and squares, respectively. (a and c)
Low-pressure simulation trajectories: both con-

formers display separability between internal

motions and global tumbling. (b and d) High-
pressure simulation trajectories: the N2 con-

former loses separability as internal motions

intermingle with global tumbling to result in

overall reorientational modes.
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are likely to undergo conformational exchange on a much

slower timescale (ms-ms) than the one probed by the gener-

alized order parameter (ps-ns). This concern is supported by

the exchange contributions to the 15N transverse relaxation

rate constants measured by Kitahara et al. (19). Specifically,

the region 46–50 is contained within a large loop, including a

short 310 helix with few restraints from tertiary interactions,

wheas high exchange rate constants (of a few 10 s�1) were

observed for residues 21–44 and 70. Chemical exchange is

expected to have a nonnegligible contribution to the trans-

verse relaxation rate constants R2, which are used to fit the

model-free order parameters. These motions occur in the

microsecond to millisecond timescale, a fact that contradicts

the basic assumption of the model-free formalism (i.e., vti,
0.5, where v is the Larmor frequency of 15N, and ti is the
effective correlation time of the internal motions). In addi-

tion, another basic assumption of the model-free approach,

i.e., the separability between global and internal motions, is

not expected to hold for these regions due to their partici-

pation in large-amplitude structural fluctuations (19); there-

fore, the model-free order parameter is expected to be a

biased estimate of the system’s internal motions (28).

In Fig. 3, changes in the system’s dynamics as a result of

pressure increase are illustrated on the structure of the two

conformers. As anticipated by the collectivity plots, the N1

conformer displays a similar dynamical picture at high and

low pressure based on the generalized order parameter (Fig.

2, a and b). The few residues with a pressure dependence of

the order parameter are L8, E18, T22, and the segment 46–

50. Residues E18 and T22 are located at the bottom of

ubiquitin’s core. E18 is found in the extended loop region,

and T22 is adjacent to the extended a-helix. These two re-

gions are found to have a lower-order parameter at high

pressure, indicating a higher degree of mobility. On the other

hand, the region 46–55 is found to have decreased flexibility

at high pressure and is located within an extended loop

spanning residues 44–66. In addition, the N1 conformer

trajectories indicate that pressure increase induces a large

increase in the mobility of the C-terminus and reduces the

flexibility of the N-terminus.

The N2 conformer is more dynamic than N1 at several

positions (Fig. 2 a). In particular, the entire loop-b-loop motif

46–55, the short 310-helix 58–59, and the C-terminus 69–76

are found to be more flexible in the N2 low-pressure en-

semble with respect to N1. As previously shown, the position

of the loop is affected by the conformational change associ-

ated with the transition from the N1 conformer to N2: the

9� tilt of the extended a-helix toward the N-terminal of the se-

quence results in bringing the extended loop 44–66 at a more

central position with respect to the b-sheet (19). In addition,

residues 3, 11, and 17 located at the first two b-strands are
more flexible in N2 compared to N1, according to the iRED-

derived order parameters.

At high pressure, the model-free derived generalized order

parameters for the N2 conformer fail to account for the in-

ternal motions of the system, as observed in our MD simu-

lations (Fig. 2 b). This is anticipated by the low separability

index for this ensemble. At 3000 atm, N2 behaves like a

FIGURE 2 Comparison of the generalized order parameters. The calcu-

lated order parameters are plotted together with the fitted order parameters

from standard model-free analysis of the NMR relaxation data (19). Fitted

parameters are shown with circles; calculations derived from the N1 and N2

conformer trajectories are shown as triangles and squares, respectively. (a)

Low-pressure simulations and experiments. (b) High-pressure results. We

observe the inefficiency of the order parameter for the N2 trajectory to

account for the system’s dynamics at high pressure, as a result of the

breakdown of separability between internal motions and global tumbling of

the protein.

FIGURE 3 Pressure effects in the dynamics of the dominant conformers

N1 and N2. Pressure-induced changes in the order parameter are illustrated

on the structure of each dominant conformer. The amide bond vectors are

used as probes of internal dynamics. Order parameters were calculated from

our MD trajectories based on an iRED analysis of rank 2. Red and blue

respectively denote smaller and larger order parameters at high-pressure

(3000 atm) relative to low-pressure (1 atm) trajectories, indicating increased

and reduced mobility, respectively. We observe small changes in dynamics

for the N1 conformer (a) at different pressure conditions. For the N2 con-

former (b) the pressure increase induces dramatic changes in the system’s

overall dynamics. Secondary structure assignments in ribbon diagrams were

adapted from Kitahara et al. (19) (PDB codes 1V80 and 1V81). Graphics

were made with the visualization suite PyMOL (www.pymol.org).
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disordered system, according to the separability plots of Fig.

1 d. Therefore, the order parameter contains contributions

from global tumbling in addition to internal reorientational

modes. An inspection of the range of dynamical changes on

the structure conformation (Fig. 3 b) reveals the increased

mobility of the extended helix at high pressure, and decreased

mobility of the N-terminus.

Comparison of correlated motions

For the N1 conformer, the largest amplitude mode involves

residues 23–34, which span the entire length of the extended

a-helix (Fig. 4 a). Residues 6, 42, 44, 50, 55, and 68 are also
affected to a large extended by this reorientational mode

(contribution of .50%). These residues are located on the

interaction surface along the core b-sheet that opposes the
extended a-helix. The participation of several residues dis-

tributed along the sequence of ubiquitin indicates that this is

indeed a global mode that corresponds to a motion of the

helix relative to the b-sheet. This motion may reflect an initial

step in opening and closing of the core of the structure. At

higher pressure, T55 is also affected by this mode (contri-

bution of ;55%). This residue is located on a loop that is in

close proximity to the N-terminal T22 adjacent to the a-helix.
Notably, the relative position of these residues is altered in

the high-pressure ensemble.

The second-largest mode affects a number of residues

scattered throughout the entire sequence of ubiquitin (Fig. 4 b).
However, the absence of any contribution to the motions of

residues in the extended a-helix is striking. A cluster of res-

idues affected by this mode is located at the b-sheet (residues
3, 4, 6, 10, 14, 66, and 67, contributions of .20% to the

overall dynamics of these sites). Most of these residues are

not significantly affected by the first mode, which indicates

that this is indeed a separate mode with global character since

it demonstrates a large collectivity index of 58% (i.e., the

FIGURE 4 Correlated motions for the N1 and N2 ensembles. The values of the projections along the five principal eigenvectors dS2 are shown here along the

sequence of ubiquitin for the N1 (a–e) and N2 (f–j) conformer trajectories, at low (triangles) and high (squares) pressure conditions. At low-pressure

conditions, projections on the remaining 68 eigenvectors constitute minor contributions to the system’s dynamics and are not presented here. Proline residues

are excluded from this analysis because they lack amide hydrogen atoms. For this conformer, we observe minor differences in correlated motions between the

low- and high-pressure trajectories. Large changes in correlated motions accommodate the increase in pressure for the N2 conformer as a result of the loss of

separability between internal dynamics and global tumbling of the system. Contributions from the remaining eigenmodes become significant descriptors of the

system’s dynamics at high pressure. The position of strands (rectangles) and helices (cylinders) is displayed in the inset for illustrative purposes. For a full

description of correlated dynamics, please see text.

3948 Sgourakis et al.

Biophysical Journal 95(8) 3943–3955



dynamics of 42 out of 73 sites are significantly affected by

this mode). The contributions of mode 2 to the dynamics of

different sites are not altered at high pressure for the same

conformer, with the exception of T22 (Fig. 4 c).
The third collective reorientational mode involves F45 and

Q49, located at the loop-strand motif at the bottom of the

structure. Residues T7, I13 and S20, located in end of the

b1-strand, the middle of the second b-strand and at the sec-

ond loop also participate in this motion (contribution.40%).

Residues E49 and G53, which are located within the ex-

tended loop region, are significantly more affected by this

mode at higher pressure (78% and 50%, respectively).

The mode with the fourth-largest amplitude also affects

residues throughout the sequence of ubiquitin. At low pres-

sure, for the same conformer (N1), it contributes significantly

(.30%) to the dynamics of loop residues 2, 10, 11, 18, 41,

51, 60, 62, 65, and 71. L43, D52, and N60 become increas-

ingly affected by mode 4 at higher pressure conditions. The

fifth mode is, again, an overall reorientational mode, with

significant contributions to the dynamics of 44% of all sites.

This mode also contributes significantly (.50%) to the dy-

namics of the short loop motif 35GIP38P that follows the

extended a-helix, and this contribution is larger at lower

pressure. L43, found at the short strand adjacent to the helix,

is also affected by this mode.

The remaining modes represent highly localized motions

that include clusters of 1–4 residues, as shown by the pro-

jections on the iRED eigenvectors (data not show). In gen-

eral, we observe large contributions for some of these modes

to the dynamics of the termini that correspond to sequence-

specific motions with no global contribution.

At low pressure, the N2 conformer presents a picture very

similar to that of the N1 conformer. Five large-amplitude,

highly collective modes dominate the dynamics of the sys-

tem, with the remaining modes to have small, localized

contributions to the protein’s internal dynamics (Fig. 4, f–j).
Correlations in the motion of the amide bond vectors in the

extended helix (residues 23–34) are also present at low

pressure; however, the C-terminal residues of the helix at

positions 31–34 are less affected by this mode (Fig. 4 f),
compared to the N1 conformer. The remaining principal

modes 2–5 show a very similar sequence profile as described

for the N1 conformer, at low pressure. A striking exception

involves the short loopmotif 35GPPP39D. The contribution of

mode 5 to the dynamics of this region is much smaller for the

N2 conformer at low pressure, resulting in reduced flexibility

(Fig. 4 j).
At increased pressure, lower modes also become signifi-

cant determinants of the system’s dynamics. On the other

hand, the contribution of the five principal modes is dimin-

ished (Fig. 4, f–j, squares). Consequently, the system’s in-

ternal modes contain contributions from global reorientations

of the molecule. As a result, the model-free order parameter

would not be expected to accurately account for the internal

dynamics of the system.

Comparison with NMR relaxation data

The iRED formalism also allows us to calculate NMR re-

laxation rate constants according to an isotropic distribution

of molecular frames. We used the longitudinal relaxation rate

constant as a benchmark for the validity of our simulation

trajectories because it contains no contribution from chemical

exchange processes. Chemical exchange was indeed ob-

served by means of relaxation rate analysis for several resi-

dues of ubiquitin at both low- and high-pressure ensembles

(19). At each pressure, we used the iRED results derived from

the individual trajectories of both conformers to calculate the

ensemble averaged experimental observable. The ratio of the

two conformers was optimized according to a least-squares

fitting procedure. This ratio was found to be different at 1 atm

and 3000 atm (N1:N2 57:43 for the low-pressure ensemble

and 48:52 for the high-pressure ensemble), demonstrating the

prevalence of the N1 conformer at the low-pressure ensemble

and N2 at the high-pressure ensemble. This analysis is not

intended to accurately represent the true population ratio of

the two conformers, but it clearly indicates a pressure-in-

FIGURE 5 Ensemble-level comparisons with NMR experimental data.

MD-derived and experimental longitudinal relaxation rate constants R1 are

plotted for conditions of (a) low and (b) high pressure. R1 constants that

were calculated from our simulation trajectories using the iRED formalism

(squares) are in good agreement with the experimentally measured values

from NMR relaxation experiments (circles) (19). A least-squares fitting

procedure was used to determine the ratio of the contributions from the N1

and N2 populations in the final ensemble to be 57:43 for the low-pressure

trajectories and 48:52 for the high-pressure trajectories. The ensemble-

averaged calculations have a moderate x2 error on the order of 103 (1097 and

1184 for the low- and high-pressure ensembles, respectively).
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duced shift in the state equilibrium of the ensemble toward

system configurations that minimize total volume.

For most amides the R1 relaxation rate constants calculated
with iRED are in good agreement with the experimental

measurements (Fig. 5 and Table 1), reaching an overall x2

error of 1097 for the low-pressure and 1184 for the high-

pressure ensemble. These calculations were performed with a

population ratio fitted to reproduce the experimental results,

as described in Materials and Methods. When we used the

experimentally determined ratio of N1:N2 85:15 at 30 bar

and 23:77 at 3 kbar (18), the ensemble-averaged calculation

resulted in larger x2 errors of 1310 and 1836 in the final

observable, as anticipated. Furthermore, we observe that for

the individual trajectories, the agreement with experimental

results is better when the pressure conditions match the

starting conformer, such that the N1 1 atm trajectory is in

better agreement with the low-pressure results, whereas the

N2 3000 atm trajectory is in better agreement with the ex-

perimental results obtained at high-pressure conditions.

DISCUSSION

We have presented an integrated, ensemble-level description

of ubiquitin’s dynamics under conditions of high and low

pressure. The implementation of pressure as a variable allows

us to study the dynamical response of different conformers

within ubiquitin’s ensemble to a pressure increase. Our ap-

plication of the iRED formalism allows the correlations in

atomic motions along the different amide bond sites to be

deduced. Furthermore, we are able to calculate NMR relax-

ation parameters from the 10-ns-long MD simulation tra-

jectories. Our simulation calculations were found to be in

good agreement with NMR experimental measurements re-

ported by Kitahara et al. (19). However, our goal here is not

to accurately reproduce experimental relaxation results, as

these depend strongly on the correlation times of the global

and internal reorientational modes. When they introduced the

method, Bruschweiller and Prompers (28) showed that R1,
R2, and the heteronuclear nuclear Overhauser effect (hNOE)
can be effectively reproduced from the iRED covariance

matrix by nonlinearly fitting the correlation times to the ex-

perimental data. In the study presented here, no fitting of

parameters was used, other than the ratio of the two con-

former populations in the final ensemble. Our results, in

terms of the longitudinal relaxation rate constants R1, cor-
relate with experiments with a precision comparable to that

achieved in this initial report (28) and all subsequent iRED

publications, according to the reported x2 error values (on the
order of 103); however, this agreement does not extend to R2
and hnNOE (results in the Supplementary Material, Fig. S1,

Fig. S2, Data S1). This is due to a nonnegligible statistical

error that arises from the fitting of correlation functions,

particularly those that correspond to contributions from

global modes. As shown by Zwanzig and Ailawadi (45), the

relative error in a time correlation function obtained by av-

eraging over an MD trajectory with a window t is of order
1=

ffiffi

t
p

; in the case of a Gaussian random variable. Thus, in the

case of global tumbling, which has been shown experimen-

tally to have a time constant of;4 ns (8,9), a sampling of 100

ns would be needed to obtain an accuracy on the order of 1%.

This is beyond the scope of this study. Rather, our study aims

to provide a plausible model of correlated motions and their

pressure dependence in the context of the two conformers N1

and N2. Since the model emerges from the diagonalized

covariance matrix, as shown in Materials and Methods, it is

intuitive to assess the convergence of the resulting iRED

eigenvectors. To perform that task, we calculated the dot

products of the normalized eigenvectors that corresponded to

the five larger reorientational modes obtained at different

fractions of the 9-ns trajectories with those that were obtained

over the entire trajectory length. The results shown in Fig. 7

indicate that the covariance matrix is well converged at the

FIGURE 6 Correlated dynamics maps. Cor-

relations in the motions of individual amide

bond vectors are illustrated here for both con-

formers in low-pressure (1 atm) and high-pres-

sure (3000 atm) simulations. We used the inner

products of the transpose of the diagonalized

covariance matrix multiplied by its eigenvalues

as a measure of the degree of correlation in the

motion of two vectors, as described in Materials

and Methods. Contours are drawn according to

a log scale; the red color denotes highly corre-

lated dynamic behavior. Indexing of the amides

disregards proline residues at positions 19, 37,

and 38 of ubiquitin’s sequence. The upper-left

and lower-right quadrants of each map are

calculated from low- and high-pressure simula-

tion trajectories, respectively. We observe a

low- to medium-range correlation in dynamics

as a result of localized, internal motions, and

long-range correlations as a result of global motions. For the N1 conformer, the off-diagonal high-density contour involving residues 23–34 corresponds to the

extended a-helical segment. A decay of correlations in the amide bond dynamics for the N2 conformer is observed at high pressure.
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10-ns timescale for the N1 conformer trajectories and the N2

low-pressure trajectories. Eigenvectors are essentially col-

linear after 4–5 ns of simulation time (the eigenvalues con-

verge to their final values muchmore rapidly, after 1–2 ns). In

fact, we observe that modes that correspond to global mo-

tions converge more rapidly, as anticipated from their larger

amplitude and more collective character. Convergence of the

iRED eigenvectors takes a longer time for the trajectories of

the N2 conformer under conditions of high pressure. To in-

vestigate this, we extended this simulation to 20 ns of pro-

duction time. The five largest amplitude eigenvectors

converge at a much longer timescale of 10–12 ns (Fig. 7 d).
Analysis of the iRED collectivity plots for the 20-ns-long

trajectory indicates a behavior very similar to that observed in

the first 10 ns, with a lack of a separability gap between the

global and internal modes (results in the Supplementary

Material, Fig. S1, Fig. S2, Data S1). This is a further indi-

cation that the dynamics of the system as represented by the

diagonalized iRED covariance matrix are sufficiently de-

scribed by 10-ns-long trajectories; however, the five principal

modes are not a sufficient descriptor of the system’s dynamics

since contributions from large-amplitude internal modes affect

the dynamics of the system significantly. Therefore, more

eigenvectors are needed to provide a sufficient description of

reorientational motions.

These calculations (as well as the calculations of order

parameters) are prone to a small amount of systematic error

that results from the classical treatment of the system in our

MD simulations. A previous theoretical study based on

normal modes derived from atomistic potentials for the

crystal structure of the BPTI protein (46) indicated that high-

frequency modes may contribute to the angular part of the

order parameter and consequently affect the calculation of

relaxation rate constants, resulting in an apparent increase of

relative magnitude 5%with respect to results from a quantum

treatment of the system.

In their pioneering NMR study, Kitahara and co-workers

quantified the differential stabilization of the two dominant

conformers, N1 and N2, in the final ensemble with pressure

change based on fitting of NMR chemical shift data (18). In

the study presented here, the prevalence of the N1 conformer

population at low pressure and the N2 at high pressure

emerges from the comparison of the calculated longitudinal

relaxation rate constants with their experimentally deter-

mined values (Table 1). R1 relaxation values calculated for

the N1 conformer are in significantly better agreement with

the experimental results at low pressure, as shown by the

corresponding x2 errors (1668 for the N1 trajectories versus

2496 for the N2 trajectories). At 3000 atm pressure, the

picture is inverted, with the N2 trajectories being more con-

sistent with the experimental ensemble according to this

experimental observable (x2 of 1776 for N2 versus 2447 for

N1). Optimizing this ratio according to least-square fitting to

the relaxation data yields the correct experimental observa-

tion, i.e., that the N2 conformer is stabilized at sufficiently

high pressure. Indeed, a least-squares fitting of the ratio

yields a 57:43 prevalence of the N1 conformer at 1 atm

pressure. At 3000 atm, the N2 conformer population is the

dominant part of the ensemble, with a ratio of 48:52. Based

on the NMR data of Kitahara and co-workers, it has been

proposed that this effect is due to the smaller partial molar

volume of the N2-dominated ensemble relative to N1 24 mL/

FIGURE 7 Convergence of iRED ei-

genvectors. The dot products of the

iRED eigenvectors that correspond to

the five largest in amplitude modes at

different simulation times are used to

assess the convergence of our MD-based

models. The eigenvectors that were cal-

culated from the entire production phase

of the MD simulations (2–10 ns for both

conformers at 1 atm and N1 at 3000 atm,

and 2–21 ns for N2 at 3000 atm) were

used as a reference. First row: trajecto-

ries starting from the N1 conformer un-

der conditions of (a) low and (b) high

pressure. Second row: trajectories start-

ing from the N2 conformer under con-

ditions of (a) low and (b) high pressure.

See text for discussion on convergence.
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mol (18). As shown in a recently published study by our

group (11), this is because as a result of water penetration in

the core of the protein, buried residues become solvated and

experience a much lower volume under conditions of high

pressure. The study presented here verifies these findings and

suggests a concerted motional model associated with pres-

sure increase. It should be noted that the changes in popu-

lation ratios observed here are not as dramatic as those

proposed by Kitahara et al. (18) based on NMR chemical

shift data, where an 85:15 ratio at 30 bar is translated to a

23:77 proportion at 3000 bar. Although the simulation

pressure conditions mimic the experimental ones (1 atm ¼
1.01325 bar), they are not identical. In addition, pressure

effects are mediated, to a large extent, by the solvent, which is

also a very important determinant of protein dynamics.

Therefore, they are expected to be very sensitive to the choice

of water model (in this study we used the TIP3P water model

(39)). Assuming a two-state model for the two conformer

populations, the differences in free energies between the

calculated and measured relative populations are,4 kJ/mol,

and smaller than the expected accuracy of our calculations.

It has been argued that the use of the TIP3P water model

results in underestimation of the global correlation timescale

by effectively ‘‘speeding up’’ the rotational diffusion. The

effect emerges from the smaller apparent viscosity of TIP3P

water in comparison to the experimental value (0.84 cp at

300 K and 1 atm). This behavior has been reported in two

independent MD studies of pure TIP3P water, in which the

calculated viscosity values were found to be 60.2% and 62%,

respectively, of the experimental values that correspond to

the simulation conditions (47,48). Shen and Freed (48) fur-

ther demonstrated that the implementation of the Ewald

summation method for the calculation of long-range elec-

trostatics (43) in combination with the TIP3P water model

results in an even larger deviation of the calculated viscosity

from the experimental value (0.35 cP or 35% of the viscosity

of real water). These observations corroborate the fact that

the time constants calculated for ubiquitin in the original

iRED publication were systematically lower than expected

from experimentally determined overall tumbling correlation

times (28). Indeed, a least-squares fitting of the five larger

time constants based on experimentally determined relaxa-

tion parameters (R1, R2, and hnNOEs) resulted in an am-

plification by a factor of ;10 (Table 1 in Prompers and

Bruschweiler (28)). This effect was also manifested in our

study by the fact that hnNOEs calculated with iRED from our

simulation trajectories were found to also be systematically

lower than the experimentally determined quantities (see the

Supplementary Material, Fig. S1, Fig. S2, Data S1). Relax-

ation theory, supported by experimental evidence, reveals

that hNOEs are very sensitive to internal motions and show a

sigmoid dependence on the tumbling time constant (Fig. 2 in

Kay et al. (49)). Therefore, the systematic error observed in

our simulation trajectories could be due to the underestima-

tion of the tumbling constant. Theoretical calculations based

on hydrodynamic modeling of known structures of ubiquitin

have shown that the rotational diffusion tensor is affected

significantly by the extent of bound water, and are in best

agreement with experimental data when half a water shell is

considered (9). Taken together, these results suggest that the

strength of protein-water interactions play an important role

in the rotational behavior of proteins, and indicate a point for

further improvement of current water models for use in

modern simulation setups under the Ewald summation

method, as first suggested by Feller et al. (47).

Pressure effects dramatically affect the dynamics of the

N2 conformer, as suggested by our analysis. The loss of sep-

arability between internal dynamics and global tumbling is

evidenced by the iRED ‘‘fingerprint’’ plots of Eigenmode

collectivity versus amplitude. To assess whether our results

for the N2 conformer depend on the choice of starting con-

figuration from the published NMR ensemble, we also per-

formed simulations starting from another conformation of the

published NMR ensemble (PDB code 1V81, conformer 5),

and repeated the iRED analysis. The results from this second

set of MD trajectories are in good qualitative agreement with

the behavior we observed when starting from the most rep-

resentative conformation: the disappearance of the gap in the

collectivity plots at high pressure, and the decrease in the

separability index from 3.9 to 3.3 clearly signifies the loss of

separability under conditions of high pressure.

A detailed analysis of correlations in the motions of the

backbone along different sites on the sequence of ubiquitin

reveals the nature and extent of these changes (Fig. 6 b). This
analysis overcomes the limitations of the generalized or-

der parameter because it measures correlations over all re-

orientational modes. At high pressure, backbone motions

within the N2 conformer become uncorrelated, as illustrated

by the disappearance of high-contour regions in the map of

correlated dynamics. The loss of cooperativity in the motions

of the extended a-helix, residues 23–34, is striking. On the

other hand, the N1 population that dominates the ensemble at

low-pressure conditions seems to behave similarly under

conditions of low and high pressure. Large-amplitude col-

lective motions were observed for residues 23–34 in the

extended a-helix, as illustrated in the map of that conformer

(Fig. 6 a). The high-density contour of this map exactly

corresponds to the position of helix residues. A recent study

that used residual dipolar coupling (RDC) measurements in a

series of alignment media (50) interpreted the model-free

derived order parameters and motional anisotropies in terms

of cooperative reorientational motion of the helix with re-

spect to the core of the protein. The authors suggested a de-

tailed model of the motions that includes correlated

anisotropic exclusions of the a-helix amide bond vectors,

with respect to the axis of the helix. Although the timescales

inspected with RDCs are longer than those accessible by

NMR relaxation experiments and MD simulations (NMR

relaxation parameters and MD trajectories probe motions at

the ps-ns timescale, whereas RDCs are sensitive to motions at
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the ps-ms timescale), our results corroborate the proposed

model, in terms of the large-amplitude correlated backbone

dynamics of residues along the extended helix, for the N1

conformer. Furthermore, we suggest that this motional mode

is absent at high pressure, as indicated by analysis of the

iRED covariance matrix of the N2 trajectories under condi-

tions of high pressure. In fact, the lack of correlation in the

motions of the a-helix backbone amides for this conformer is

evident even under conditions of low pressure, according to

the maps of correlated dynamics (Fig. 6 b, upper left quad-
rant). Taken together, these results suggest that the dynamics

of the extended a-helical region are markedly altered for the

N2 population of ubiquitin’s ensemble.

At low pressure, the N2 conformer displays increased

backbone mobility at its C-terminus, at residues 69–76,

compared to the N1 ensemble, according to the iRED-de-

rived generalized order parameters (Fig. 2 a). This was also
observed experimentally by Kitahara and co-workers (18) in

their chemical shift perturbation study that revealed the

presence of the two conformers. The authors found that the

intensities of the observed NOEs are significantly decreased

at high pressure for residues beyond 70. It was proposed in

the same study that this happens indirectly, through the de-

stabilization of the backbone hydrogen bonds involving

residues 67–72 that participate in the b5 sheet at the core of

the structure. Taken together, these results demonstrate the

extent of allosteric effects in the internal dynamics of the

molecule: a change in the structure of a core region may af-

fect the dynamics of the structurally distant C-terminus.

Given the functional significance of the C-terminus of

ubiquitin as a key binding site of several cell factors (re-

viewed in Ciechanover (51)), this effect may modulate the

way ubiquitin recognizes its partners. According to this hy-

pothesis, destabilization of the core strand would increase

the mobility of the C-terminus and increase the potential of

the N2 conformer to interact with other cellular proteins. In

a recent experimental study (52), small changes in the

structure of the C-terminal b-sheet induced by mutation of

a single residue in the core of the protein were found to be

critical for the molecular recognition properties of ubiquitin

toward two structurally distinct ubiquitin-binding domains

(UBDs): the change abolished binding of ubiquitin-inter-

acting motifs (UIMs), but had no effect on binding of

ubiquitin-associated domains (UBAs). These minor struc-

tural changes of the b5 strand were accompanied by changes

in the rigidity of the molecule. In light of these results, the

implication is that differences in dynamics of the C-termi-

nus for the two conformers are very likely to play a key

functional role.

Finally, our analysis indicates that the order parameter

based on the model-free fitting of the relaxation data does not

adequately account for the high-pressure behavior of the

system. The lack of separability between global and internal

motions is the main reason for this discrepancy, as indicated

in Fig. 1. The model-free approach has been repeatedly re-

ported to be unsuited for disordered parts of proteins, in

which internal motions alter the overall shape and therefore

the diffusive motions of the peptide (25,26,53). In a recent

study of RNase A, it was shown that model-free analysis

overestimates order parameters and underestimates internal

correlation times, relative to a model that accounts for cou-

pling between the modes of global diffusion of the molecule

and internal motions (24). Indeed, the order parameters cal-

culated with iRED for these regions is significantly smaller

than the ones derived with a model-free analysis. In addition,

as reported by Kitahara and co-workers (19), model-free

analysis of the ubiquitin relaxation parameters fails to

identify any significant differences in the ps-ns backbone

dynamics at high and low pressure. This result seems con-

troversial, given the wide range of chemical shift changes that

occur at higher pressure (18), and the extensive differences in

the NMR-derived conformers N1 and N2. Our MD-based

analysis suggests in extensive detail the changes in dynamics

associated with pressure increase, and the transition from the

N1-dominated ensemble to the N2-dominated ensemble.

Furthermore, the iRED results presented here are validated

through direct comparison with the measured NMR relaxa-

tion rate constants. Our results are biologically meaningful,

since N2 may account for a significant part of the population

at physiological pressure (;25% as suggested by chemical

shift data (18)). This conformational variability has impli-

cations for ubiquitin’s function at the ensemble level through

the altered dynamics of binding sites for its protein partners,

and may provide the means for it to participate in a diverse

range of protein-protein interactions.
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