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INTRODUCTION

Internal mobility is recognized as a crucial factor of protein function. Relevant

motions occur over a wide range of time scales from 10212 s to a few seconds1,2

and can be of various kinds, such as local fluctuations (e.g., ring flips, cis/trans

isomerization, etc.), or large-amplitude motions, which may allow for fine tun-

ing of the three-dimensional (3D) structure during interactions and catalytic

processes. Nuclear magnetic resonance (NMR) spectroscopy has contributed to

shed light on molecular aspects of enzymatic activity (for recent reviews, see

Refs. 3 and 4).

In this work, we have used NMR spectroscopy combined with molecular dy-

namics (MD) to investigate the effects of ligand binding on the internal dynam-

ics of the enzyme 6-phosphogluconolactonase (Tb6PGL) of the parasite Trypano-

soma brucei, responsible for the African sleeping sickness. The enzyme 6PGL is

one of the six enzymes of the pentose phosphate pathway (PPP) of T. brucei,

and hydrolyzes d-6-phosphogluconolactone to 6-phosphogluconic acid (6PGA).

Tb6PGL plays a key role during infection, by providing the important reductive

agent NADPH, and forms ribose 5-phosphate, a major nucleic acid precursor, as

well as several metabolic intermediates, such as fructose 6-phosphate and glycer-

aldehyde 3-phosphate.5,6 Enzymes that play a role in glycolysis or in the PPP

are potential drug targets against T. brucei, because several of these enzymes are

found in the glycosome, an organelle which, in contrast to the situation in most
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ABSTRACT

Nuclear magnetic resonance is used

to investigate the backbone dynam-

ics in 6-phosphogluconolactonase

from Trypanosoma brucei (Tb6PGL)

with (holo-) and without (apo-) 6-

phosphogluconic acid as ligand.

Relaxation data were analyzed using

the model-free approach and

reduced spectral density mapping.

Comparison of predictions, based

on 77 ns molecular dynamics simu-

lations, with the observed relaxation

rates gives insight into dynamical

properties of the protein and their

alteration on ligand binding. Data

indicate dynamics changes in the vi-

cinity of the binding site. More

interesting is the presence of pertur-

bations located in remote regions of

this well-structured globular protein

in which no large-amplitude

motions are involved. This suggests

that delocalized changes in dynam-

ics that occur upon binding could

be a general feature of protein–tar-

get interactions.

Proteins 2012; 80:1196–1210.
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eukaryotic cells, is separated from the cytosol. This may

entail significant differences with respect to the mammalian

host, thus enabling the design of specific drugs,7,8 as suc-

cessfully demonstrated in the case of NADH-fumarate re-

ductase and other systems.9,10 For these reasons, any pro-

gress toward a deeper understanding of the catalytic mecha-

nism and of the dynamic changes in the protein that occur

upon substrate binding and catalysis is clearly desirable.

In this article, we investigate dynamic changes occurring

in the protein on ligand binding using 15N NMR relaxa-

tion measurements of the free protein and its complex

with the reaction product 6PGA. We show that ligand

binding leads to changes of internal dynamics of the pro-

tein in various regions. Interestingly, many of the affected

residues are remote from the active site, and although they

are not directly involved in catalysis, they are clearly

affected by a redistribution of the dynamics across the pro-

tein, which occurs on ligand binding. Our results are ana-

lyzed in the light of previous X-ray and docking studies.11

A number of observations12–15 support the idea that pro-

teins comprise dynamical networks that can regulate thermo-

dynamics of protein–ligand interactions. In this respect, this

work provides additional evidence for the role of dynamics.

Moreover, the relationships between local dynamics and

catalytic mechanisms remain in general largely unknown.

These aspects, despite an increasing number of studies,

constitute a stimulating and open question in this field.16

MATERIALS AND METHODS

Sample preparation

Expression and purification of uniformly 2H, 13C, and
15N-labeled recombinant Tb6PGA was performed as

described elsewhere.6 The sample was dialyzed for 48 h

using 1 mL Float-A-Lyzer dialysis membranes (Spectrum-

Labs) with a MWCO of 10 kDa, against 20 mM phos-

phate buffer at pH 6.1 containing 120 mM NaCl, with a

final concentration of about 0.55 mM determined by

UV/Vis spectroscopy at 280 nm with an extinction coeffi-

cient e 5 21,095 M21 cm21. The 3 mm NMR sample

tube was filled to about 200 lL by adding D2O/H2O

(10%/90%). The concentrations of the protein 6PGL and

of the ligand 6PGA were approximately 0.55 and 0.66 M.

Relaxation measurements of backbone 15N
nuclei and analysis

The longitudinal and transverse relaxation rates R1 and

R2 and the steady-state 15N{1H} nuclear Overhauser

enhancement (NOE) h were measured at 290 K using 2D

experiments employing the principles of transverse relax-

ation optimized spectroscopy (TROSY).17 The experi-

ments were performed on a Bruker Avance 900 MHz

spectrometer (B0 5 21.1 T) equipped with a cryogenically

cooled probe. The spectral widths were 14.36 kHz for 1H

and 3.10 kHz for 15N. The 15N R1 rates were obtained using

recovery delays of 50, 150, 250, 500, 750, 1000, 1500, 2000,

and 2500 ms. The Carr–Purcell Meiboom–Gill sequen-

ces18,19 performed to determine the 15N R2 rates used, on

the nitrogen channel, 1808 pulses spaced by 2s 5 1 ms, and

overall durations 8.16, 16.32 (twice), 24.48, 32.64, 48.96,

65.28, 81.6, 97.92, and 114.24 ms. Usually 16 scans were

used per increment, and 256 (15N) 3 2048 (1H) complex

points were collected for each experiment in a interleaved

manner. Recycle delays of 2.5 s were used for both R1 and R2
experiments. The 15N{1H} NOE experiments were per-

formed with and without saturation of the protons during a

recycle delay of 12 s.20 Resonance assignments at field

strengths B0 5 21.1 and 21.1 Twere obtained using modified

TROSY-based HNCA, HN(CO)CA, HN(CA)CB, HNCO,21

and HNCANH experiments.22,23

All 3D spectra were processed with the NMRPipe/

NMRDraw package.24 The signals were apodized by co-

sine-bell and squared cosine-bell functions in the indirect

and direct dimensions. Digital resolution in the indirect

dimension was doubled through linear prediction. All 2D

spectra were processed with Topspin (Bruker). The 2D

peak heights and volumes were determined using Sparky.25

The R1 and R2 rates were determined by fitting the peak

heights to exponential functions I(t) 5 Io exp(2R1,2t),

using a nonlinear least squares analysis where Gaussian

random errors were added to the experimental signal

amplitudes and averaged over 100 fits. Steady-state NOE

values were determined from the ratios of the peak inten-

sities with and without saturation of the protons. Errors in

NOE values were determined by error propagation based

on the root-mean-square of the noise in the spectra.

Overall rotational correlation times were estimated

using HYDRONMR26 and TENSOR2,27 based on the

ratios R1/R2, using only the most rigid residues. Model-

free (MF) analysis was performed with the TENSOR2

software.27 Five models of increasing complexity were

used to determine the generalized order parameter S2,

the effective correlation time si for motions of the back-

bone N��H vectors, the chemical exchange contribution

Rex, and an additional order parameter Sf
2 that reflects

contributions to the spectral density due to fast motions

with si < 20 ps.3,18 Model 1 considers only S2; Model 2

has two parameters S2 and si; Model 3 gives S2 and Rex;

Model 4 has three parameters S2, si, and Rex; and finally

Model 528 provides Ss
2, Sf

2, and si, with S2 5 Ss
2Sf

2.

Typically, 200–500 Monte Carlo steps were used to mini-

mize the target function:

v2 ¼
X
i

ðRexp
1i � Rcalc

1i Þ2
rR2

1i

þ ðRexp
2i � Rcalc

2i Þ2
rR2

2i

þ ðhexp
i � hcalc

i Þ2
rh2

i

ð1Þ

The following residues could not be fitted in a satisfying

manner: N89, D98, F105, T219, G229, L255, in the apo-
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protein, and E15, I40, Y52, A53, N61, L62, G74, D75,

V79, R125, V126, A129, K132, Q133, V152, G164, V184,

R200, S204, A206, A211, I215, W225, G229, S252, and

L255, A260 in the holo-complex.

The relations between the 15N relaxation rates and the

spectral densities J(x) are given by the following equa-

tions:29

R1 ¼ d2

4
½JðxH � xN Þ þ 3JðxN Þ þ 6JðxH þ xN Þ� þ c2JðxN Þ

ð2Þ

R2 ¼ d2

8
½4Jð0Þ þ JðxH � xN Þ þ 3JðxN Þ þ 6JðxHÞ

þ 6JðxH þ xN Þ� þ c2

6
½3JðxN Þ þ 4Jð0Þ� þ Rex

ð3Þ

h ¼ 1þ d2

4

gH
gN

½6JðxH þ xN Þ � JðxH � xN Þ�=R1 ð4Þ

where d 5 [lohgNgH/(8p
2)] (1/<rNH

3>), c 5 xND~rH3,

lo 5 4p 3 1027 N/A2 is the permeability in vacuum, gH
5 2.6752.108 rad s21 T21 and gN 5 22.713.107 rad s21

T21 are the gyromagnetic ratios of 1H and 15N, xH and

xN are the Larmor frequencies of these nuclei (in rad

s21), h 5 6.626 3 10234 Js, rNH 5 1.02 Å is the average

amide bond length, and Dr 5 2160 ppm is the average

chemical shift anisotropy of amide 15N nuclei. In its sim-

plest implementation, the reduced spectral density map-

ping (SDM)30 approach assumes that high-frequency

motions are characterized by a nearly ‘‘white’’ spectral

density function with J(xH 2 xN) � J(xH) � J(xH 1
xN), and that one may consider a single value of the

spectral density function at xh 5 0.87xH, where J(x)
denotes the exact spectral density function. With this

assumption, the number of unknown values of the ap-

proximate spectral density function Jred(x) in Eqs. (2)–

(4) is reduced to three. These can be inverted to yield

Jred(xh), Jred(xN) and Jred(0). Calculations were per-

formed through routines written in Mathematica

(Wolfram Research, Champaign, IL), using nonlinear

global optimization algorithms.

MD simulations

MD simulations up to tMD 5 77 ns were performed

using the NAMD program31 with the all-atom force field

AMBER99SB32 and periodic boundary conditions for

both apo-Tb6PGL and its holo-form in complex with

6PGA, taking as initial configurations their structures

from the Protein Data Bank (PDB) (entries 2J0E and

3E7F). For apo-Tb6PGL, a total of 9090 SPC/E water

molecules and seven Na1 ions were included, resulting in

an electrically neutral system of 31,264 atoms. In the case

of holo-Tb6PGL, 10,217 SPC/E water molecules were

included so that the system comprised 34,632 atoms. In

the active site of holo-Tb6PGL (see Fig. S2 in Supporting

Information), the side chains of residues R200, R77, and

H165 were protonated. The Zn21 ion was removed from

the 3E7F structure because it has no effect on the active

site dynamics and on the function of the protein.11 The

force field parameters for the ligand 6PGA were those of

the Generic Amber Force Field.33 Electrostatic interac-

tions were computed by using the particle mesh Ewald

method34 with a cut-off of 12 Å. The lengths of all

bonds involving hydrogen atoms in the protein were

fixed and treated by the SHAKE algorithm,35 thus per-

mitting us to increase the integration time step to 2 fs.

After preliminary minimization starting with the PDB

structure, all simulations were first equilibrated at con-

stant temperature (290 K) and constant pressure (1 bar)

using a Langevin thermostat36 coupled with a Nosé–

Hoover barostat.37 The equilibrated complexes were used

as starting points of 77 ns runs. The RMSD values with

respect to the initial structure remained below 1.5 Å, as

expected for a stable protein (Fig. S1 in Supporting In-

formation).

The generalized order parameter S2 was calculated

from MD trajectories using the expression:

S2 ¼ 4p
5

X
jmj<2

jhY2mðu;/Þij2 ð5Þ

where Y2m are spherical harmonics, and where the en-

semble averages can be replaced in practice by time aver-

ages over the total length of the simulations.

Assuming statistical decoupling of internal motions

and isotropic overall tumbling, one can decompose C(t)

in terms of the overall CO(t) 5 exp(2t/sc) and internal

CI(t) correlation functions.

CðtÞ ¼ C0ðtÞ3CI ðtÞ ¼ expð�t=scÞhP2 cos½uðtÞ � uð0Þ�Þi
ð6Þ

where P2 is the second-rank Legendre polynomial and

the unit vector u describes the orientation of the N��H

bond vector in the molecular reference frame. In practice,

because of the finite length of MD trajectories, the inter-

nal correlation function was partitioned as32,38:

JðxÞ �
Z tmax

0

CIðtÞC0ðtÞ cosxt dt

þ
Z 1

tmax

CI1C0ðtÞ cosxt dt ð7Þ

where tmax represents the maximum interval over which

the correlation function can be calculated with suffi-

ciently good statistics. It is customarily fixed to 10% of

the overall length of the trajectory,39 so that tmax � 7.7

ns in our simulations. Moreover, CI1 � S2MD if the fol-

lowing condition is met:

P.A. Calligari et al.
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jCI ðtmaxÞ � S2MDj � 0:01 ð8Þ

where CI(tmax) is the average value over the last 20 ps of

the correlation function. If Eq. (8) is not verified, the

value of CI(tmax) is used. However, in this case, internal

motions with time scales longer than tmax may likely

affect the value of the spectral density functions.

RESULTS AND DISCUSSION

Relaxation data

The protein Tb6PGL comprises a total of 266 residues.

Longitudinal and transverse 15N backbone relaxation

rates (R1 and R2) and steady-state 15N-{1H} NOE’s of

apo- and holo-Tb6PGL were measured at 21.1 T (Fig. 1).

Due to the presence of 16 proline residues that lack HN

protons, and a number of spectral overlaps, only 239 res-

idues could be analyzed. For a few residues (L16, S46,

T51, D87, and L157), data analysis was only tentative,

due to a low signal/noise ratio (S/N < 10). Chemical

shift assignments of backbone residues were in agreement

with previous reports.5,40

The R2 rates lie in the intervals 7.8 � 0.31 < R2 <
54.5 � 13.4 s21 for apo-Tb6PGL and 7.8 � 0.06 < R2 <
54.5 � 15.3 s21 for holo-Tb6PGL. The R1 rates are dis-

tributed within the ranges 0.275 � 0.017 < R1 < 1.22 �
0.026 s21 for apo-Tb6PGL and 0.25 � 0.026 < R1 < 1.25

� 0.067 s21 for the holo-form. Finally, the average 15N-

{1H} NOE values are 0.79 � 0.14 for apo-Tb6PGL and

0.79 � 0.13 for the holo-form. The lowest NOE value of

�0.18 was observed for D192. Some NOE values exceed

the expected maximum for a protein of this size. How-

ever, because �70% of the residues exceeded this thresh-

old by less than one standard deviation r and 94% were

within 2r, these results were overall statistically satisfac-

tory. The R1 and R2 relaxation rates as well as the NOE’s

show significant variations in flexible regions, including

the C-terminus and loops. This can be seen in Figure 1,

where significantly higher R1, lower R2, and lower NOE

values in the C-terminus and loops indicate the presence

of increased mobility in these parts of the protein back-

bone.

MF analysis

The correlation times of overall tumbling were esti-

mated to be sc
apo 5 19.9 � 0.3 ns and sc

holo 5 19.7 �
0.3 ns by using trimmed R2/R1 ratios of the most rigid

residues41 after discarding the 20% most extreme values.

Estimates calculated using HYDRONMR26 gave sc
apo 5

19.4 and sc
holo 5 19.5 ns, in good agreement with the

experimental values. The diffusion tensor estimated by

HYDRONMR led to Dz
apo 5 9.2 3 106, Dy

apo 5 8.3 3
106, Dx

apo 5 8.7 3 106, Dz
holo 5 9.2 3 106, Dy

holo 5 8.1

3 106, Dx
holo 5 8.6 3 106 s21. This allowed us to

neglect the rhombicity, because (Dx 2 Dy)/2Dz < 2%,

and the anisotropy, because 2Dz/(Dx 1 Dy) < 1.1 for

apo- and holo-forms of the protein. This was in agree-

ment with the analysis of overall diffusion from relaxa-

tion data using TENSOR2 software, which did not pro-

vide any statistically significant diffusion anisotropy.

Internal mobility was analyzed using the MF

approach,3,18,28,42 as summarized in Figures 2 and 3.

Differences between order parameters on ligand binding

were in general rather small, and were considered signifi-

cant only if there is no overlap between error bars. Modi-

fications of order parameters induced by ligand binding

are scattered across the entire backbone of the protein,

rather than localized near the active site. Indeed,

increased mobility on binding (DS2 5 S2holo 2 S2apo �
20.1) was observed for residues L16, A41, E76, R77,

E145, V155, S168, L217, and A235, whereas the opposite

trend (DS2 � 0.1) was observed mainly in residues in

loop L5 (D192 and V198). Interestingly, this region is

located in the vicinity of the phosphate group of 6PGA,

although it does not directly interact with it. Note that

loop L5 exhibits limited structural fluctuations on ligand

binding.11

Residues R77 and R200, located near the active site,

interact directly with the phosphate group of 6PGA. R77

shows an important decrease in rigidity DS2 � 20.19,

whereas for R200 no statistically significant MF parame-

ters could be extracted from the data. For residue H165,

which is actively involved in catalysis, the values of the

order parameters in both forms of the protein were not

significantly different and DS2 � 0.

Exchange contributions Rex to transverse relaxation

were extracted for a substantial number of residues in

both apo- and holo-Tb6PGL (�24% and �21%). Large

exchange rates Rex > 10 s21 [Figs. 2(c) and 3(b)] were

observed in holo-Tb6PGL (I28, A41, T51, R77, V155,

L158, and D133), and, to a lesser extent, in apo-Tb6PGL

(I24, N87, and Q210).

In the holo-form, exchange rates Rex
holo may arise either

from chemical shift perturbations caused by displacements

of the ligand (which may be slipping in and out of the

active site, leading to a bona fide case of chemical

exchange) or from conformational exchange induced by

the ligand. The occurrence of exchange on ligand binding

for residues located in regions that are remote from the

active site and do not interact with 6PGA indicate altera-

tions of conformational exchange. This is the case for resi-

dues I28, A41, T51, V155, and L158, for which no Rex was

observed in the free protein. For residues A41, D154,

V155, L158, R212, N213, V214, and N250, the rates Rex
holo

are increased in the complex and seem to be clustered in

an interfacial region of the b-sheet core [Fig. 3(b)]. Thus

the presence of 6PGA seems to affect slow motions

throughout the protein backbone.

In contrast, for residues located near the ligand,

exchange contributions Rex cannot always be unambigu-
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ously ascribed to chemical or conformation exchange.

The exchange rate may be due, at least in part, to the

off-rate of 6PGA. Indeed, assuming a dissociation con-

stant Kd on the order of 1024–1025 M (V. Stoven and E.

Miclet, unpublished results), and a diffusion-controlled

on-rate (108 Ms21), one expects an off-rate on the order

of 103–104 s21, which is compatible with the time scale

of the dynamical processes observed here.

Although it may be difficult to attribute the large

Rex
holo of S168 to conformational exchange in the holo-

form (the distance between its amide N atom and the

phosphate group of 6PGA is only 6.77 Å), the exchange

rate Rex
holo 5 6.5 � 1.6 s21 of S168 in apo-Tb6PGL is

consistent with observations that slow motions may be

an intrinsic property of proteins involved in ligand bind-

ing and enzymatic activity.4,43 Residue D163, which acts

Figure 1
Longitudinal (R1) and transverse (R2) relaxation rates and 15N-{1H} NOE factors displayed in panels (a)–(c). Secondary structure elements are

indicated as colored boxes above the graphics. The a helices are found in the fragments a1 (13–31); a2 (46–61); a3 (87–93); a4 (120–137);

a5(174–177); a6 (205–210); a7 (224–231); 310 helices (33–35; 96–98; 101–103; 221–223; 240–246), one parallel b sheet b1 (6–10, 38–42, 69–73,

104–105, 155–158, 213–218, 250–256); two antiparallel b-sheets b2 (140–142, 149–151) and b3 (75–77, 185–188, 200–203). The loops are L1 (78–
86), L2 (106–119), L3 (143–148), L4 (159–173), L5 (190–199), and L6 (233–238). The R2 rates lie in the intervals 7.8 � 0.31 < R2

apo < 54.5 �
13.4 s21 and 7.8 � 0.06 < R2

holo < 54.5 � 15.3 s21. The R1 rates are distributed within the ranges 0.275 � 0.017 < R1
apo < 1.22 � 0.026 s21 and

0.25 � 0.026 < R1
holo < 1.25 � 0.067 s21. The average 15N-{1H} NOE factors are hapo 5 0.79 � 0.14 and hholo 5 0.79 � 0.13. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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as a proton donor during catalysis, has an exchange rate

Rex
holo 5 9.5 � 2.7 s21. Although it belongs to the active

site, it is rather distant from the ligand (its amide N and

the phosphate group of 6PGA are 8.7 Å apart), so that

the Rex
holo can still be plausibly interpreted in terms of

conformational exchange.

Reduced SDM

The dynamic analysis was complemented with the use

of the reduced SDM approach3,30,44 (Fig. 4). Large val-

ues of Jred(0) are usually associated with motions on a

slow ls–ms time scale, that is, chemical or conforma-

tional exchange, whereas fast ps–ns dynamics often lead

to an increase of Jred(xh) and a concomitant reduction of

Jred(0) and Jred(xN).44 In both apo- and holo-proteins,

we observed significantly higher values of Jred(xh) in

loops L2, L3, L5, and L6, generally associated with values

of Jred(0) below the average. Changes of the reduced

spectral density function DJred(x) 5 Jred
holo(x) 2

Jred
apo(x) were observed on ligand binding. A significant

increase of Jred(xh) was observed for about 20% of the

residues, dispersed over the backbone, again suggesting a

rather diffuse effect of 6PGA binding on protein dynam-

ics. Most of these residues belong to b-sheet structures

(b1, b2, and b3), loops and regions loosely structured at

the junction between secondary structure elements, in

the C-terminal region of the protein or in the short 310
helices. This is summarized in Table I. Alternatively, anal-

ysis of Jred(xh) revealed that a few residues in holo-

Tb6PGL exhibit a decreased mobility at high frequencies.

Interestingly, this takes place in regions that are scattered

across the protein backbone (I7, S8, E26, Q35, W36, L62,

V79, D85, M90, F107, A116, T166, T193, W199, R200,

A221, E248, and E261), and are by no means localized in

the vicinity of the active site. Similar features have been

observed for conformational exchange.14

In addition, some variations in mobility seemed to

occur in certain secondary structure elements. Thus, an

increase of Jred(xh) was noted for several residues in helix

a3 (Y88, N89, and R92), whereas a significant number of

residues with decreased Jred(xh) are located in helix a4
(M124, R125, V126, A129, K132, and Q133), suggesting

that these helices undergo a global change in fast dynam-

Figure 2
Model-free parameters in apo- and holo-Tb6PGL. The overall correlation time was sc 5 19.8 � 0.3 ns. (a) Order parameters S2, (b) internal
correlation times si, and (c) exchange contributions Rex. Green brackets indicate the catalytic residue (H165) and residues R77 and R200 that bind

directly to 6PGA The remaining marked regions contain residues G45, S46, T47, F170, M194, and K195 that exhibit direct contacts or hydrogen

bonds with the ligand. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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ics on ligand binding. Remarkably, the relaxation rates of

the latter residues could not be satisfactorily fitted by a

MF approach, probably because the spectral density func-

tions are too complex. Nevertheless, this analysis seems

to indicate an increase of Jred(x) values at frequencies

likely lower than xH, yet detected by relaxation, therefore

in the fast time scale. Interestingly, the side chains of the

residues in helix a4 that are affected by ligand binding

point toward the solvent. The dynamics of the other resi-

dues in this helix are not altered. This may be interpreted

as evidence of less restricted dynamics in the protein–sol-

vent interface that becomes allowed on ligand binding.

Comparison with MD simulations

A combination of NMR relaxation measurements and

MD simulations helps to clarify global and local dynamic

changes in 6PGL on ligand binding. Relaxation rates

computed from our 77 ns MD simulations were found to

be comparable to those obtained by NMR for most resi-

dues in both apo- and holo-forms when Eq. (8) was ful-

filled (Fig. 5). In addition, order parameters were extracted

from the trajectories and their variations between apo-

and holo-proteins examined. The presence of the ligand

seems to have a significant effect on certain residues,

mainly those located in loops. Thus, for residues A30 (in

the transition region between helix a1 and the first 310 he-

lix) and A111–T113 (loop L2) one observes DS2 � 20.1,

whereas residues G144 and E145 (loop L3), and K195

(loop L5) experience increased rigidity (DS2 � 0.1). Dis-

crepancies with NMR may be due to rare dynamical

events that affect the averaging process.45 In addition, the

root-mean-square-fluctuations (RMSFs) in the active site

of apo- and holo-Tb6PGL are below 0.1 Å, suggesting both

an overall rigidity of this region of the protein and a very

limited effect of ligand binding.

The interatomic distances between the ligand and resi-

dues {G44, G45, K223} and {R77, R200} in the active site

reflect interactions with the carboxylate and phosphate

groups of the ligand, respectively. In the former set, the

carboxylate carbon of 6PGA is closer to the Nd atom of

the K223 side chain than to the Ca atoms of either G44

Figure 3
Results from the model-free analysis are mapped onto the 3D structure of 6PGL (a-helices and b-sheets colored in green and yellow). Apo- and

holo-Tb6PGL are, respectively, depicted on the left and right sides of the figure. The ribbon thickness is proportional to (1 2 S2) in (a) and to Rex
in (b). Prolines and other unobservable residues are depicted in black. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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or G45 during 80% of the MD trajectory, with average

distances of about 5 Å and 9 Å, respectively. These large

distances make the presence of hydrogen bonds between

the ligand and these residues very unlikely. Our results

suggest that the carboxylate group of the ligand remains

close to K223, as initially proposed by Delarue et al.,5

but in contrast with more recent work by the same

authors,11 who concluded from the study of the X-ray

structure of the 6PGA-Tb6PGL complex that the carbox-

ylate is more likely to interact with the backbone atoms

of G44 and G45 than with the side chain of K223. How-

ever, because our MD simulations started from the X-ray

structure, where the carboxylate group of 6PGA is closer

to residues G44 and G45, both conformations remain

plausible and the ligand may adopt either of two posi-

tions alternatively.

As for dynamics, no significant changes in mobility

could be deduced from NMR experiments for G44, G45,

and K223 in the holo-protein, due to large errors in the

MF parameters. However, MD simulations showed an

increase of rigidity (DS2 ca. 0.1). Moreover, in some

cases, angular autocorrelation functions of NH vectors

computed from MD simulations clearly exhibited differ-

ent behavior in apo- and holo-6PGL. For instance, the

Figure 4
Reduced spectral density functions for apo- (red) and holo-Tb6PGL (blue), calculated from the relaxation rates shown in Figure 1. The spectral

density function was sampled at x 5 0, xN 5 91.14, and xh 5 0.87 xH 5 782.52 MHz (for a proton resonance frequency 899.45 MHz. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I
Residues Featuring Significative Changes of Dynamic Parameters in

Going From apo- to holo-Tb6PGL Obtained From NMR Relaxation

Experiments

DJ(0.87xH) > 0 DS2 > 0 DS2 < 0

b1 T6, V9, H10, A11, L38,
V104, F105, G154, R212,
V216, T219, T251, L254

S8 A41, V155, L217

b2 V150
b3 V187, V201
L1 E76, D82, S83 E76, R77
L2 T109, A111, T113, A118
L3 L138, K141–G144, A146 E145
L4 L160, S162, S173 S168
L5 M194 D192, V198
L6 A235, H236, A238 A235
a1 Q14, S31, G32 L16
a3 M90
C-terminus G249, K257–I259, K265, F266
310 helices H97, D98, K223, A241, R242
Other F72, L95, D102, D180, L182

Internal Dynamics of 6-Phosphogluconolactonase

PROTEINS 1203



Figure 5
Experimental (points with error bars) and predicted (heavy line) NMR relaxation rates for (a) apo- and (b) holo-Tb6PGL. Residues for which the

internal correlation functions did not reach a plateau after MD simulations running up to 77 ns are indicated in the central graph (red for apo-

and blue for holo-Tb6PGL). Most of the discrepancies between experimental and molecular dynamics NMR relaxation rates correspond to these

residues. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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correlation functions of residues G44, G45, and K223 did

not reach a plateau during the MD runs for the apo-pro-

tein, whereas they clearly approached their asymptotic S2

value for the holo-protein (see Fig. 6). This indicates a

change toward spatially more restricted and faster

motions induced by ligand binding. Similar results for

K223 were also confirmed by SDM, where the absence of

any variation of Jred(0), associated with DJred(xh) > 0

and DJred(xN) > 0, must be ascribed to a significant

exchange rate Rex (confirmed by MF) that leads to an ar-

tificial overestimation of Jred(0) in the apo-protein.

For the second group of residues {R77, R200}, distan-

ces between hydrogen atoms of the guanidinium groups

and the closest oxygen atom in the phosphate group of

6PGA remain in the range of hydrogen bond lengths

(shorter that 3.0 Å over nearly 90% of the MD trajec-

tory). This can be related to previous studies11 suggest-

ing that the phosphate group of the natural substrate d-
6-phosphogluconolactone is stabilized by R200 and R77.

Note that the distances between R77 or R200 on the one

hand, and the phosphate group of 6PGA on the other

hand, are shorter than those between the same residues

and the phosphate group of d-6-phosphogluconolactone,
which are larger than 3.0 Å on average.11 This observa-

tion may indicate the presence of rearrangements of the

reaction product in the catalytic site.

NMR data show that residue R77 exhibits an increased

mobility on both fast and slow time scales (DS2 < 0 and

DRex > 0, without any significant variation of J(x). The
apparent discrepancy with MD, where only a slight

decrease of mobility could be reproduced, as seen

through DS2 and J(x) (Fig. 6), is likely to be ascribed to

internal motions on multiple time scales. A detailed

investigation of these effects would require longer MD

simulations. The MF parameters could not be obtained

for R200 but the decrease of the high-frequency compo-

nent Jred(xh) in the presence of 6PGA indicates a redis-

tribution of the motional energy toward lower frequen-

Figure 6
Internal correlation functions computed from MD simulations running up to 77 ns for selected residues of the active site in (black) apo- and

(maroon) holo-Tb6PGL (see text for details). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cies in the complex without, however, any significant

change of motion restriction (DS2 5 0.01 in MD). This

is interesting, as R200 is located near the N-terminal end

of helix a4 and both seem to share these dynamical

features (see above).

In this context, it should be noted that the phosphate

ions of the buffer could compete with the phosphate

group of 6PGA. However, the X-ray structures were

obtained in the presence of 0.1 M ammonium phosphate,

and no phosphate was found to bind any residue in the

binding pocket. Although a competition between buffer

phosphate ions and the phosphate group of 6PGA cannot

be ruled out, this should not alter our qualitative conclu-

sions, which are essentially based on a comparison

between apo- and holo-forms of the protein.

Neither NMR nor MD of the catalytic residue H165

and residue D163, which is believed to activate the for-

mer,5,11 (Fig. 6) revealed any significant alterations of

the backbone amide group dynamics between the apo-

and holo-forms, whereas both MF and SDM indicate a

significant increase of slow motions of D163 in holo-

Tb6PGL (vide supra). However, H165 side-chain motions

can be monitored by comparing the scalar product of the

vector r(t) parallel to the Cb��Cg bond with its initial

value r(t 5 0) (Fig. S3 in Supporting Information).

Clearly, ligand binding significantly reduces the extent of

H165 side-chain motions without affecting the backbone.

Residue S168, which is conserved in all proteins of the

6PGL family,11 points toward the phosphate group of

the ligand and is thought to contribute to its stabiliza-

tion.7,11 A moderate S2 decrease in MD simulations

(DS2 5 20.1) and MF analysis (DS2 5 20.16) show that

mobility increases on binding to 6PGA. No significant

change of Jred(0) was observed, although Jred
apo(0) and

Jred
holo(0) were well above the average, in agreement with

the Rex contributions in apo- and holo-proteins.

Besides residues in the binding site, dynamical changes

on ligand binding occur across the protein backbone, as

was already noticed from relaxation measurements. In

this regard, significant effects appear to involve a4 and

a3 helices. Moreover, the rigidity of residues M78–D85

in loop L1 that flank the active site is increased, as

attested by MD order parameters and RMSF, as well as

by experimental order parameters (DS2 5 0.08 for A81,

DS2 5 0.06 for D85). These effects are negligible for

most other residues in L1. Such observations may be

related to the presence of hydrogen bonds between R77

and N87.5

In summary, the combination of several complemen-

tary methods for analyzing NMR relaxation data turned

out to be beneficial. SDM could provide useful informa-

tion when a MF analysis was not conclusive, and appa-

rent contradictions could be explained. These results

were supported by MD simulations (in particular for res-

idues H165, D163, S168 in the active site, and others in

helix a4 and loop L5). When no definite conclusions

could be drawn from NMR relaxation, MD could pro-

vide indications of dynamical changes (R200). However,

several discrepancies persisted between experiments and

simulations. Nevertheless, even using rather conservative

criteria for the significance of differences between holo-

and apo-forms of the protein, some of the discrepancies

could be explained (G44, G45, and K223).

Additional information regarding the effect of ligand

binding on the overall dynamic properties of the protein

was obtained by an Essential Dynamics (ED) analysis of

the MD trajectories of both proteins.46–50 This approach

allows one to investigate the presence of collective atomic

fluctuations in the protein, through diagonalization of the

covariance matrix (of Ca atoms in our case) and the deter-

mination of the eigen-directions of collective motions.

The distribution of eigenvalues are rather similar in

apo- and holo-Tb6PGL, therefore indicating similar over-

all flexibilities in both proteins [see Fig. 7(a)]. This is

confirmed by very similar Lindemann’s flexibility indices

(�0.19).51 Moreover, 90% of the total position fluctua-

tions are contained in the first 72 modes in apo- and 80

modes in Tb6PGL suggesting the presence of limited but

significant motional collectivity.

The first eigenvalue from holo-Tb6PGL was found to

be significantly larger than the others in holo-Tb6PGL

and also larger than its counterpart in the apo-form. ED

eigenvalues represent atomic mean-square displacements.

They indicate that motions involving the first eigenvector

largely dominate over those encompassing the others in

holo-Tb6PGL. They also suggest that these motions have

larger amplitudes in holo-Tb6PGL than in the apo form.

Besides, the projections of the coordinate vectors cor-

responding to each snapshot of the MD trajectories onto

the first two eigenvectors of apo-Tb6PGL show differen-

ces between atomic fluctuations occurring in both pro-

teins. Thus, the rather limited overlap of these projec-

tions, shown in Figure 7(b), indicates slight but signifi-

cant differences in fluctuations between the proteins.

Figure 7(c) shows a pictorial representation of the pro-

jections of the first motional modes onto the structures

of apo- and holo-Tb6PGL. Interestingly, in holo-Tb6PGL,

the largest eigenvalue involves an overall motion of the

a4 helix and of loop L5, which is of larger amplitude

than in the apo-protein. Moreover, the projection on the

first eigenvector of the holo-Tb6PGL coordinate vector

has significantly larger atomic root-mean-square-devia-

tions in a4 and L5 regions (�2.75 Å) than in the entire

structure (�1.62 Å). This is clearly in agreement with the

conclusions drawn from the experimental NMR relaxa-

tion measurements performed in this study.

Finally, a comparison of RMSFs of the first two modes

on Ca atoms [Fig. 7(d)] shows that differences are

mostly located in the regions S110–L134 and V184–

V198, which, respectively, comprise residues of helix a4
and loop L5. The same observable suggests lower flexibil-

ity of loop L1 in holo-Tb6PGL. These findings again con-
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firm MD and NMR order parameter analyses presented

above and strengthen the suggested pattern of dynamical

changes dispersed over regions flanking the active site as

well as remote ones. Although apparently significant con-

tributions of the first two eigenmodes of apo-Tb6PGL for

some residues in loops L3 and L6 in Figure 7(d) suggest

Figure 7
PCA analysis of apo- and holo-Tb6PGL trajectories. (a) PCA eigenvalues of apo- (black) and holo- (red) Tb6PGL; (b) projections of the coordinate

vector of apo- (black) and holo- (red) onto the first two PC eigenmodes; (c) extreme deviations of the helix a4 and loop L5 along the first eigenmode

for apo- (left) and holo- (right) Tb6PGL; (d) RMSF of the first two modes calculated for Ca atoms in apo- (black) and holo- (red) proteins.
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the presence of higher flexibility, simulation data were

not used in this case. Indeed, incomplete convergence of

MD simulations of holo-Tb6PGL for these residues, as

mentioned above, precludes further analysis and, a for-

tiori, a comparison with apo-Tb6PGL. These limitations

are due to insufficient sampling of dynamical processes

requiring simulation times longer than our 77 ns-long

simulation. This leads to ill-averaged correlation func-

tions, as illustrated above for a selection of other residues

and also gives rise to large fluctuations of the estimates

of the order parameters computed over several fractions

(on the order of 10 ns) of the total MD simulation (not

shown). Not surprisingly, the ED analysis of fragments of

the trajectory also exhibited large variances of the contri-

butions of the first eigenmodes in the L3 and L6 loop

regions. However, these were associated with much

smaller fluctuations of the first eigenmode in a4 and L5.

It was therefore concluded that poor MD convergence in

the former region did not significantly affect the contri-

butions of the first ED eigenmode in the latter, hence did

not affect the foregoing analysis.

The repartitioning of internal mobility on ligand bind-

ing is a remarkable aspect of 6PGL dynamics. That the

alteration of internal motions may affect residues that are

located either close to the binding site or remote from it

has only been described in a small number of NMR stud-

ies involving protein backbone12,14,52 or side-chain53

relaxation experiments. On the other hand, a great deal

of work has focused on the functional role of dynamics

in enzyme–ligand interactions, and its relationship to

structure and structural changes (e.g., allostery).54 Struc-

ture–dynamics relationships investigated through simple

network models suggest that the dynamics is to a large

extent encoded in the geometry of the protein.55–58 In

addition, intrinsic dynamics in the apo state of an

enzyme can determine structural changes occurring on

ligand binding.59,60 In close connection, it has also been

argued that motions that occur during catalysis may al-

ready be present in the free form and therefore represent

an intrinsic functional property of the enzyme.61

The present comparative study also sheds light on a

somewhat different but related aspect of dynamics.

Indeed, our experiments reveal small local variations of

relaxation parameters between the apo- and holo-forms

of the protein. But analysis of MD simulations [see Fig.

7(a)] indicates that, in the holo-form in particular, most

of these motions are contained in a single (first) mode.

Therefore, it seems that it is in the holo-form that collec-

tive motions are more clearly present, which could be

related to interactions with the ligand. Dynamic changes

in Tb6PGL include a concerted increase in mobility in

the a4 and L5 regions on binding of the reaction prod-

uct. Together with an increased rigidity in loop L1 in the

holo-form, which is likely related to the presence of

hydrogen bonds, it seems that these changes might attest

for both the release and binding of the reaction product.

CONCLUSIONS

We used NMR relaxation and MD simulations to study

the alteration of internal dynamics of the protein upon

binding to the reaction product. This provided informa-

tion on the way internal molecular motions are redistrib-

uted when the protein accommodates the reaction prod-

uct, that is, after the catalytic reaction has taken place

(insight into the catalytic mechanism itself would require

the use of a nonhydrolysable analogue of the substrate).

Our observations indicate that the alterations of dynamics

are not localized near the active site, but propagate to

remote regions of the protein. The experimental facts

gathered in this study, and their analysis, represent further

compelling arguments in favor of a redistribution of inter-

nal protein mobility upon binding. Probing side-chain dy-

namics in Tb6PGL through 15N and 13C NMR spectros-

copy,62 as reported for other protein–ligand binding inter-

actions,63,64 would help to complement the picture.
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