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SUMMARY

ADP-ribosylation factor (Arf) and other Arf-family
smallGproteinsparticipate inmanycellular functions
via their characteristic GTP/GDP conformational
cycles, during which a nucleotide*Mg2+-binding site
communicates with a remote N-terminal helix.
However, the conformational interplay between the
nucleotides, the helix, the protein core, and Mg2+

has not been fully delineated. Herein, we report
a study of the dynamics of an Arf-family protein,
Arl8, under various conditions by means of NMR
relaxation spectroscopy. The data indicated that,
when GDP is bound, the protein core, which does
not include the N-terminal helix, reversibly transition
between an Arf-family GDP form and another confor-
mation that resembles the Arf-family GTP form.
Additionally, we found that the N-terminal helix and
Mg2+, respectively, stabilize the aforementioned
former and latter conformations in a population-shift
manner. Given the dynamics of the conformational
changes, we can describe the Arl8 GTP/GDP cycle
in terms of an energy diagram.

INTRODUCTION

Proteins are intrinsically flexible and dynamic molecules, and, as

such, their native structures are dynamic conformational ensem-

bles. Therefore, the static three-dimensional coordinates of

a protein structure often cannot fully account for its function

because its dynamic characteristics, which if known in enough

detail can be diagramed as a free-energy landscape, are also

required (Frauenfelder et al., 1991; Henzler-Wildman and Kern,

2007). Particularly, for those proteins that undergo large confor-

mational changes in order to function, an understanding of their

dynamic characters is absolutely necessary. The small G

proteins of the Ras superfamily (GTPases of 20–25 kDa) function

by switching between an active GTP-bound conformation that

can bind an effector and an inactive GDP-bound conformation

(GTP/GDP cycle) (Wennerberg et al., 2005; Colicelli 2004).

Ras-family proteins have similar GTP-bound conformations

(GTP form), in which a conserved Thr in the so-called switch
988 Structure 19, 988–998, July 13, 2011 ª2011 Elsevier Ltd All right
I and a conserved Gly in the so-called switch II bind to the GTP

g-phosphate via their main-chain amide protons (Vetter and

Wittinghofer, 2001) (Figure 1). Additionally, for all Ras-family

proteins, when GTP is hydrolyzed to GDP, the switches move

away from the nucleotide binding site (Vetter and Wittinghofer,

2001) (Figure 1). In Ras-family proteins, the transition between

the GTP- and GDP-bound conformations has been structurally

characterized usingmutants that are likely to mimic intermediate

states in X-ray crystallography (Hall et al., 2002; Ford et al., 2005,

2006). Molecular dynamics simulations of the transitions have

also been performed (Diaz et al., 1997; Ma and Karplus, 1997;

Noé et al., 2005; Gorfe et al., 2008; Grant et al., 2009, 2010).

Notably, Ras, even when complexedwith a GTP or GTP analogs,

equilibrates between at least two conformational states, which

have been identified by 31P NMR spectroscopy, and this

dynamic equilibrium affects its functional behavior, e.g., effector

binding or GTPase activity (Spoerner et al., 2001, 2004, 2007,

2010). However, Arf-family proteins, which form a Ras subfamily

and are the subject of the work reported herein, in their

GDP-bound conformations (GDP form), exhibit additional con-

formational alterations not found in other Ras-family proteins:

the so-called interswitch region that is part of the central core

domain b sheet is shifted in registry by two residues (the inter-

switch toggle) (Pasqualato et al., 2002) and the N-terminal helix

that is free in the GTP form occupies a hydrophobic surface

exposed by the movement of the interswitch (Pasqualato et al.,

2002) (Figure 1).

Arf-family proteins are often found at a membrane interface,

and participate in various cellular events, e.g., membrane

trafficking and microtubule dynamics (D’Souza-Schorey and

Chavier, 2006; Gillingham and Munro, 2007; Kahn et al., 2005,

2006). There, the characteristic GTP/GDP conformational cycle

presents a functional feature. Many Arf-family proteins are

myristoylated at the highly conserved position 2 Gly (see Fig-

ure S1 available online), and the N-terminal region, including

the helix, participates in membrane association/dissociation

events that are initiated by a bound nucleotide (Kahn et al.,

1992). Additionally, N-terminal modifications, e.g., myristoyla-

tion and truncation of the helix alter the apparent GDP to GTP

exchange rate constant, which affects the bound nucleotide

equilibrium population (Randazzo et al., 1994, 1995; Franco

et al., 1995). Finally, Mg2+, which is found in the GTP form and,

in many cases, also in the GDP form (Figure 1), alters the GDP

to GTP exchange rate constant (Franco et al., 1995; Ménétrey

et al., 2000). Such regulatory mechanisms likely are correlated
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Figure 1. Structures of Arf6 and Ras with

GTP or GDP Bound

(A) The crystal structures of human Arf6, amember

of the Ras subfamily Arf, in complex with GTP (left;

PDB accession number 2J5X) for which the 10

N-terminal residues are invisible, and with GDP

(right; PDB accession number 1E0S) for which the

N-terminal helix is bound to the core domain.

(B) The crystal structures of humanRas in complex

with GTP (left; PDB accession number 5P21) and

GDP (right; PDB accession number 4Q21). In each

panel, switch I, switch II, the interswitch, and, for

Arf6, the N-terminal helix are chromatically high-

lighted. The bound nucleotides and the conserved

Gly and Thr residues that interact with the GTP

g-phosphate are shown as ball-and-stick repre-

sentations. Mg2+ ions (in 1E0S, modeled as NH4
+)

are shown as green spheres. The information in

this figure is supported by Figure S1.
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with the internal dynamics of the proteins (Buosi et al., 2010).

However, to date, how the bound nucleotides, the helix, Mg2+,

the core domain and effectors affect the overall conformational

changes has not been examined in detail. For this study, we

examined the dynamic characteristics underlying the conforma-

tional changes in an Arf-family protein, Nicotiana tabacum Arl8

(NtArl8), usingNMR relaxation spectroscopy. Our results provide

a dynamic view of the molecular mechanism for the GTP/GDP

cycle of Arf-family proteins that incorporates the population-shift

(pre-existing equilibrium) model for protein-ligand binding (see

below).

RESULTS

An Mg2+-Dependent Conformational Transition
Arl8 is conserved in most species, including humans, plants, and

protista, which indicates that it is an ancient small G protein (Li

et al., 2004).NtArl8 is 65% identical in sequence and 85% similar

in sequence to human Arl8 (HsArl8) (Figure S1), for which three

(unpublished) crystal structures complexed with GDP have

been deposited into the Protein Data Bank: an N-terminally

8-residue-truncated Arl8 with the N-terminal helix (residues

9–17 according to the HsArl8a numbering sequence) bound to

the core domain (D8HsArl8a-GDP, PDB accession number

2H18) and two N-terminally 17-residue-truncated Arl8s, for

which the N-terminal helix had been removed (D17HsArl8a-

GDP, PDB accession number 1ZD9; and D17HsArl8b-GDP,

PDB accession number 2AL7). The crystal structures of the
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complexes appear to depend on the

presence or absence of the N-terminal

helix (Figure 2). The D8HsArl8a-GDP

structure is typical of a GDP form that

has undergone the interswitch toggle

and N-terminal helix capping, whereas

the structures of both D17HsArl8-GDPs

have GTP-like conformations (GTP-like

form) with the interswitch toggle posi-

tioned as in the GTP form. Additionally,

Mg2+ was not found in its canonical
binding site adjacent to GDP in D8HsArl8a-GDP, whereas, it

was present in the D17HsArl8-GDP structures (Figure 2A). The

Arf-family protein, MmArl3 also does not contain Mg2+ when in

its GDP form (Hillig et al., 2000), and, in both cases, the absence

of Mg2+ is probably due to the presence of a basic residue near

the canonical Mg2+-binding site (Lys 54 in MmArl3 and Arg58 in

HsArl8), instead of the glutamate found in many other Arf-family

proteins (Figure 2B; Figure S1).

Removal of the N-terminal helix from an Arf-family protein

probably represents a state that has a conformation that is inter-

mediate between those of the GTP- and GDP-bound forms and

would therefore possibly mimic a state associated with the tran-

sition pathway of the membrane-bound GDP complex in vivo

(Pasqualato et al., 2002). Therefore, the conformational transition

between the twoHsArl8 crystal structures is relevant to the func-

tioning of Arf-family proteins. For the work reported herein, we

used two derivatives of Arl8, N-terminally 7- and 16-residue-

truncated NtArl8s (D7NtArl8 and D16NtArl8, respectively),

designed tomimic theHsArl8 crystal structures (Figure S1). First,

we characterized the secondary and tertiary structural elements

of D16NtArl8-GTP that had been purified in the presence of GTP

andMg2+ by identifying the associated NOEs and confirmed that

it was a typical GTP form (Figure S2D). Next, we determined the

rate constant for the spontaneous hydrolysis of GTP by

D16NtArl8-GTP$Mg2+ at 25�C (1.14 ± 0.08 ± 10�5 s�1), by moni-

toring, in real-time, its 1H-15N HSQC spectrum (data not shown).

Unexpectedly, the spectrum of D16NtArl8-GDP that appeared

during the GTP hydrolysis experiment had two sets of signals,
ª2011 Elsevier Ltd All rights reserved 989



Figure 2. HsArl8 Structures

(A) Crystal structures of D17HsArl8a-GDP$Mg2+

(left: PDB accession number 1ZD9) and

D8HsArl8a-GDP (right: PDB accession number

2H18).

(B) Comparison of the Mg2+ binding sites adjacent

to the GTP g-phosphate in HsArl8a (left: PDB

accession number 2H18) and human Arf1 (right:

PDB accession number 1HUR). In Arf1, Glu54 in

the interswitch interacts with Mg2+. In Arl8, Arg58

replaces Glu54 and would interact unfavorably

with Mg2+. For all panels, switch I, switch II, the

interswitch, and the N-terminal helix are chro-

matically highlighted. The nucleotides, and the

conserved Gly and Thr residues that interact with

the GTP g-phosphate are shown as ball-and-stick

representations. Mg2+ ions are shown as green

spheres. The information in this figure is supported

by Figures S1 and S2.
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and we subsequently found that the peak intensity ratios de-

pended on the Mg2+ concentration. In the absence of Mg2+,

most of the residues produced only a single set of signals,

although many of the signals for the residues in the two switches

and neighboring regions were broadened or missing. When

Mg2+was added,many of the original signals decreased in inten-

sity and many new signals emerged (Figure 3A; Figure S3A). At

30 mM Mg2+, a new set of signals for almost all of the residues

had appeared and those present in the spectrum of the 0 mM

Mg2+ sample that were not part of this new set had nearly disap-

peared. We then characterized the solution structure of

D16NtArl8-GDP in the presence of 30 mM Mg2+, in terms of its

secondary and tertiary structural elements, and confirmed that

it is a GTP-like form, for which the interswitch maintained

a GTP-like conformation; i.e., it was similar to the crystal struc-

tures of the D17HsArl8-GDPs (Figure S2C). Similarly, the
1H-15N HSQC spectrum of D7NtArl8-GDP in the absence of

Mg2+ was similar to that of D16NtArl8-GDP in the absence

of Mg2+ and, again, many of the signals associated with the

residues in the two switches and neighboring regions were

broadened or missing. NtArl8 also has an arginine (Arg57) at

the position corresponding to Arg58 of HsArl8s, so that Mg2+ is

probably not present in the GDP form of NtArl8. By identifying

the appropriate NOE cross-peaks, we confirmed that the inter-

switch had toggled in D7NtArl8-GDP and in D16NtArl8-GDP

when Mg2+ was not present (Figures S2A and S2B). In addition,

the differences in their 1H-15N HSQC spectra may be ascribed to

the presence or absence the N-terminal helix (Figures S3D and

S3E). Therefore, the spectra of D7NtArl8-GDP and D16NtArl8-

GDP, when Mg2+ was not included in the sample solution, are

those typical of an Arf-family GDP form, i.e., like that of the
990 Structure 19, 988–998, July 13, 2011 ª2011 Elsevier Ltd All rights reserved
D8HsArl8-GDP crystal structure. Unlike

the spectral changes observed for

D16NtArl8-GDP when Mg2+ was present,

Mg2+ had little effect on the spectrum of

D7NtArl8-GDP; only signals for some of

the residues near the GDP-binding site

had slightly shifted and/or were broad-

ened (Figure 3A). Therefore a transition
to a GTP-like conformation did not occur for D7NtArl8 in the

presence of Mg2+. In summary, the conformation of D16NtArl8-

GDP reversibly changes between a GTP-like form and a GDP

form, and the equilibrium depends on the Mg2+ concentration,

whereas, D7NtArl8-GDP maintains the GDP form even in the

presence of Mg2+.

Core Domain Internal Dynamics
Two models, induced-fit (Koshland, 1958) and population-shift

(pre-existing equilibrium) (Ma et al., 1999), have been proposed

to account for the conformational changes that occur upon

protein-ligand binding. The induced-fit model, which suggests

that the initial, transient interaction between a protein and its

ligand induces a conformational change that results in a more

stable complex, has often been intuitively accepted. However,

recent studies that have probed the dynamics of protein-ligand

binding have indicated that the population-shift model, for which

a protein equilibrates among thermally accessible conforma-

tions and the ligand selectively binds to one of these conforma-

tions, is more-widely applicable (Boehr et al., 2009). To clarify

why the conformations of D7NtArl8-GDP and D16NtArl8-GDP

responded differently to Mg2+, we performed NMR R2 relaxation

dispersion experiments using samples of D7NtArl8-GDP and

D16NtArl8-GDP that did not contain Mg2+ at 25�C. This type of

NMR experiment probes the dynamics of a macromolecule on

the ms-ms timescale and can discern sparsely populated

substates (�1%) that are usually otherwise invisible (Loria

et al., 1999; Mulder et al., 2001). The R2 relaxation dispersion

profiles differed substantially for the two NtArl8-GDP derivatives

(Figure 3B). For D7NtArl8-GDP, the R2 values for all available

residues, excluding those in the loop region that connects the



Figure 3. NMR Comparison of D7NtArl8-GDP and D16NtArl8-GDP

(A) 1H-15NHSQC spectra at 25�Cof 15N-labeledD7NtArl8 with GDP bound (left) and 15N-labledD16NtArl8 with GDP bound (right). Each panel shows two spectra,

one acquired for a sample in the absence of MgCl2 (blue) and a second acquired for a sample that contained 10 mM MgCl2 (red). Additionally, diagrams of the

Mg2+ concentration-dependent conformational changes in NtArl8 are shown (see text), with the N-terminal helix for D7NtArl8, the interswitch regions, Mg2+, and

the core domains including the GDPs colored red, red, green, and orange, respectively. The GDP and GTP-like forms of the core domains are represented as

circles and squares, respectively.

(B) 15N R2 relaxation dispersion profiles on the 600 MHz 1H Larmor frequency at 25�C for representative residues of D7NtArl8-GDP (left) and D16NtArl8-GDP

(right) when Mg2+ was not included in the samples. The information contained in this figure is supported by Figures S2 and S3.
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N-terminal helix and the core domain (residues 19–20), were

unaffected by nCPMG, which indicated that there were no large

conformational fluctuations in the core domain on the order of

ms to ms, except in two switch regions, for which many of the

associated residues’ R2 profiles were not available. Conversely,

the R2 relaxation experiments indicated that a considerable

number of the D16NtArl8-GDP residues’ R2 values varied signif-

icantly with increasing nCPMG.We fit theR2 profiles for all observ-

able D16NtArl8-GDP residues to a two-state model using the

same kinetic parameters. Except for the c2 values (see Supple-

mental Experimental Procedures) for residues 35, 37, 39, 40,

and 45, which are in switch 1 (residues 42–53) or in the helix (resi-

dues 31–41) that precedes switch 1, the c2 values for all other

residues were similar and small (Figure 4B) which indicates

that use of a global two-state model is generally correct.

However, because many of the signals for the switch 1 residues

were broadened or missing, that region of D16NtArl8-GDP

seems to be highly mobile on the ms-ms time scale, which would

affect the corresponding and neighboring residues’ R2 values.

Therefore, the relevant residue R2 values might not be fit by

the model. The amide 15N chemical shift differences derived

from the R2 measurements and those of most of the signals
Structure 19,
measured in the HSQC spectra of D16NtArl8-GDP in 0 versus

30 mM Mg2+ (GDP form and GTP-like form, respectively) are

closely correlated, with a few exceptions, e.g., residue 45

(0.71 versus 2.95 ppm) (Figure 4C). Therefore, the R2 profiles

indicated that D16NtArl8-GDP equilibrated between two forms,

most likely the GDP (92%) and GTP-like forms (8%). The rate

constant for the GDP form to GTP-like form transition is 6.82 ±

1.87 s�1 and that for the GTP-like to GDP form transition is

82.23 ± 16.41 s�1 (Figure 4 and Table 1; Figure S4 and Table S1).

The R2 relaxation dispersion experiments indicated that, most

likely, the GTP-like form for D16NtArl8-GDP existed even in the

absence of Mg2+. However, because the GTP-like form was

sparsely populated and because its signals were broadened

by chemical exchange, it would have been very difficult to

directly use its signals for exchange measurements. However,

a signal associated with the minor form of D16NtArl8-GDP

could be assigned to Ser184 in a 1H-15N HSQC spectrum in

the absence of Mg2+. This signal was sharp and strong, and

was observed at a position almost identical to that of the

D16NtArl8-GDP GTP-like form in the presence of Mg2+ (Fig-

ure S5A).Wemeasured the exchange rates for the isolatedmajor

and minor Ser184 signals, using ZZ-exchange spectroscopy,
988–998, July 13, 2011 ª2011 Elsevier Ltd All rights reserved 991



Figure 4. Model Fits of 15N R2 Relaxation Dispersion Profiles for D16NtArl8-GDP

(A) Examples of global two-state fits for the 15N R2 relaxation dispersion profiles on the 600 (filled circles) and 500 (open circles) MHz 1H Larmor frequencies at

25�C for a sample of D16NtArl8-GDP that did not include Mg2+. The fits used the global kinetic parameters and, residue-specific chemical-shift difference

parameters. The errors in the peak intensities were calculated using duplicated data.

(B) Comparison of the absolute values of the amide 15N chemical shift differences (DU) derived from theR2 relaxation dispersion data (top) and those derived from

the absolute values of the amide 15N chemical shift differences for the GDP (0 mM Mg2+) and GTP-like forms (30 mM Mg2+) of D16NtArl8-GDP measured using
1H-15N HSQC spectra (bottom). The open black circles are the residue-specific c2 values obtained from the global fits. The green circles at the base of the x axis

identify those residues for which DU values were not obtained because the signals overlapped, were broadened, or were missing. The error bars in the chemical

shift differences derived from the R2 relaxation dispersion data were estimated by Monte Carlo simulations.

(C) Correlation of the two sets of amide 15N chemical shift differences given in (B). The error bars in the chemical shift differences derived from the R2 relaxation

dispersion data were estimated by Monte Carlo simulations.

(D) The chemical shift differences derived from the R2 relaxation dispersion data are mapped onto the GDP form of D16NtArl8-GDP, the structure for which was

build using MODELER (Sali and Blundell, 1993) (see Experimental Procedures for more details). Residues with chemical shift differences >0.4 ppm are colored

red, and those for which data could not be obtained are colored pale green. The information contained in this figure is supported by Figure S4 and Table S1.
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which can detect exchange rates on the ms time scale (Farrow

et al., 1994). After fitting the ZZ-exchange data to a two-state

model, the rate constants were found to be: for the main peak

to the minor peak transition, 8.45 ± 1.17 s�1, and for the minor

peak to the major peak transition 83.64 ± 12.39 s�1 (Figure 5;

Table 1). These rate constants are the same as those calculated

for the R2 measurements within experimental error. Therefore,

the minor peak of Ser184 in the D16NtArl8-GDP 1H-15N HSQC

spectrum under Mg2+-free conditions is that of the GTP-like

form.

These results strongly suggested that the conformational

changes between the GDP and GTP-like forms of D16NtArl8-

GDP are consistent with the pre-existing equilibrium model. If

so, Mg2+ should increase the stability of only the GTP-like

form. In the presence of 1 mM Mg2+, signals from both the

GDP and GTP-like forms, in addition to those of Ser184, in the
1H-15N HSQC spectrum of D16NtArl8-GDP were observable

(Figure S3A). Using ZZ-exchange spectroscopy, we determined

the exchange rate constants using the intensities of the Ser184
992 Structure 19, 988–998, July 13, 2011 ª2011 Elsevier Ltd All right
signals of a sample of D16NtArl8-GDP that contained 1 mM

Mg2+ (Figure S5A) and found the rate constants to be 7.12 ±

0.31 s�1 and 11.78 ± 0.82 s�1 for the GDP form to GTP-like

form and the GTP-like form to GDP form transitions, respectively

(Figure 5 and Table 1). Therefore, Mg2+ clearly bound to the

GTP-like form because a significant decrease in the rate

constant for the GTP-like form to the GDP form transition was

found. It is also reasonable to conclude that the GTP-like form

of D7NtArl8-GDP is thermally inaccessible because Mg2+ did

not affect the conformation of D7NtArl8-GDP.

Thermodynamic Parameters
Using transition-state theory (Laidler and King, 1983), the

temperature dependences of the transition rate constants

provide the activation thermodynamic parameters, DHz, DSz,
and DGz. We acquired the temperature dependences of the

transition rate constants for a sample of D16NtArl8-GDP that

did not contain Mg2+ using the ZZ-exchange profiles of the

Ser184 transitions (Table 1 and Figure 5; Figure S5B). The Eyring
s reserved



Table 1. Conformational Transition Rate Constants and Mg2+ Association Constants

Temperature

(�C)

0 mM MgCl2 1 mM MgCl2

kGDP/GTP-like

(s-1)

kGTP-like/GDP

(s-1)

kGDP/GTP-like

(s-1)

kGTP-like/GDP

(s-1)

KA(Mg2+, GTP-like)

(103 M-1)

20 (R2) 5.0 ± 2.5 56.7 ± 21.3

25 (R2) 6.8 ± 1.9 82.2 ± 16.4

30 (R2) 9.7 ± 1.2 135.5 ± 12.7

10 (ZZ) 2.8 ± 0.3 12.8 ± 1.3 2.7 ± 0.2 4.1 ± 0.4 2.08 ± 0.41

15 (ZZ) 4.0 ± 0.3 21.6 ± 2.0 4.3 ± 0.2 6.3 ± 0.5 2.82 ± 0.44

20 (ZZ) 6.0 ± 0.7 45.4 ± 5.5 5.4 ± 0.2 9.3 ± 0.5 3.63 ± 0.67

25 (ZZ) 8.5 ± 1.2 83.6 ± 12.4 7.1 ± 0.3 11.8 ± 0.8 5.28 ± 1.15

30 (ZZ) 9.8 ± 0.8 24.3 ± 2.2

R2 and ZZ indicate that the rate constants for the conformational transitions of D16NtArl8-GDP, and the association constant for Mg2+ binding to

the GTP-like form of D16NtArl8-GDP were obtained from the R2 relaxation dispersion experiments and ZZ-exchange experiments, respectively.

kGDP / GTP-like and kGTP-like / GDP are the rate constants for the GDP form to GTP-like form and the GTP-like form to the GDP form, respectively.

KA(Mg2+, GTP-like) is the association constant for the binding of Mg2+ to the GTP-like form. The standard deviations in the transition rate constants

were estimated by Monte Carlo simulations.
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plots for both transitions were linear (Figure 6A). The values for

DHz and DSz for the conversion of the GDP form to GTP-like

form are 11.8 ± 1.8 kcal/mol and –14.6 ± 6.1 cal/mol$K, respec-

tively, and those for the GTP-like form to GDP form transition are

20.6 ± 1.8 kcal/mol and 19.3 ± 6.3 cal/mol$K, respectively (Fig-

ure 6A). Using the values for DHz and DSz, values for DGz at

25�C were calculated as 16.2 ± 2.5 kcal/mol and 14.8 ±

2.6 kcal/mol for the GDP form to GTP-like form transition and

the GTP-like form to GDP form transition, respectively. The
Figure 5. NMR ZZ-exchange Profiles for D16NtArl8-GDP S184

ZZ-exchange peak intensity profiles for the signals of D16NtArl8-GDP S184 at

25�C (top) or 10�C (bottom) for samples that contained 0 mM (left) or 1 mM

MgCl2 (right). Red data points are the autopeak intensities of the GDP form.

Green and orange data points are the cross-peak intensities for the GTP-like

form to GDP form and GDP form to GTP-like form transitions, respectively.

Because of the overlap with another resonance, the autopeak intensities of the

GTP-like form Ser184 were not measured. The exchange rate constants for

transitions were obtained by a two-state fit that used the values of the three

peak intensity data sets. The blue line in the bottom plot is the calculated curve

expected for the autopeak intensities of the GTP-like form. The information

contained in this figure is supported by Figure S5. The errors in the peak

intensities were calculated using duplicated data.

Structure 19,
energy diagram at 25�C (Figure 6A) indicates that the GDP

form is entropically favored (DS) while the GTP-like form is en-

thalpically favored (DH). Signals of the GDP form switch regions

of both D16NtArl8-GDP and D7NtArl8-GDP were broadened or

missing, which indicates that these regions are mobile on the

ms-ms time scale and the motions of these regions are not influ-

enced by the N-terminal region. Therefore, the mobility of these

regions may contribute to the favorable DS found for the GDP

form. Although the values of DH and DS between the GDP and

GTP-like forms differ substantially (Figure 6A), they offset each

other, so that the value for DG is small.

We also examined the temperature dependences of the rate

constants for the conformational transitions of D16NtArl8-GDP

in the presence of 1 mM Mg2+ (Table 1 and Figure 5; Figure S5).

At all measured temperatures, the rate constants for the GDP

form to GTP-like form transition were almost the same as those

found when Mg2+ was not present, whereas, those for the GTP-

like form to GDP form transition were significantly smaller than

whenMg2+ was not present. In addition, the Eyring plots showed

that the value for the slope of the GTP-like form to the GDP form

transition decreased when Mg2+ was included in the sample

(Figure S5A), which indicated that the value of DHz was smaller

and that the binding of Mg2+ to the GTP-like form is an enthalpi-

cally unfavorable process. Knowing that Mg2+ binds to the

GTP-like form of D16NtArl8-GDP, we could calculate the GTP-

like form/Mg2+ temperature-dependent association constants

(KA) and use them to generate the van’t Hoff plot of Figure 6B

so that the thermodynamic parameters for Mg2+ binding to the

GTP-like form could be determined. The values are DH� =

10.1 ± 3.07 kcal/mol andDS� = 50.9 ± 10.3 cal/mol$K (Figure 6B).

Therefore, the thermodynamic parameters of the Mg2+-depen-

dent conformational transitions can be divided into contributions

from the intrinsic conformational transitions and the binding of

Mg2+ to the pre-existing GTP-like form.

DISCUSSION

During the GTP/GDP cycles of the Arf-family proteins, similar

large conformational changes that involve the interswitch toggle
988–998, July 13, 2011 ª2011 Elsevier Ltd All rights reserved 993



Figure 6. Thermodynamic Characterization

of the D16NtArl8-GDP Conformational

Transition and the Binding of Mg2+ to the

GTP-like Form of D16NtArl8-GDP

(A) Eyring plots for the GDP form to GTP-like form

transition (red and orange) and for the GTP-like

form to GDP form transition (blue and green) for

samples that did not (red and blue) and did (orange

and green) contain 1 mM MgCl2. The corre-

sponding energy diagram is for the D16NtArl8-

GDP sample at 25�C that did not contain Mg2+.

(B) A van’t Hoff plot and an energy diagram for the

binding of D16NtArl8-GDP and Mg2+ at 25�C. The
rate constants used to calculate the temperature-

dependent association constants (KA) were those

for the GDP form/GTP-like form transitions ob-

tained using samples that did and did not contain

1 mM Mg2+. The error bars in the energy diagram

were estimated by Monte Carlo simulations.
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and N-terminal helix capping occur, which do not occur during

the cycles of other Ras superfamily proteins (Pasqualato et al.,

2002). We demonstrated that the core domain of NtArl8

(D16NtArl8), when complexed with GDP, equilibrates between

two conformations: the GDP form in which the interswitch has

toggled and the GTP-like form in which the interswitch is posi-

tioned similarly to that of the GTP form, but the conformations

of the switch regions are different as a result of the presence

or absence of the GTP g-phosphate. The N-terminal helix and

Mg2+ stabilize the GDP and GTP-like forms, respectively, in

ways that are consistent with the population-shift model. Unlike

many other Arf-family proteins, NtArl8, when in the GDP form,

does not appear to bind Mg2+. We could therefore use Mg2+ as

a probe for the GTP-like form. We expect that Mg2+ stabilizes

the GDP forms and the (putative) GTP-like forms of many Arf-

family proteins (Figure S6), and it is therefore probable that the

conformations of the Arf-family proteins when bound to GDP

are governed by both the N-terminal helix, which stabilizes

the GDP form and Mg2+, which stabilizes both the GDP and
994 Structure 19, 988–998, July 13, 2011 ª2011 Elsevier Ltd All rights reserved
GTP-like forms, although the relative

populations of the two conformations

will vary somewhat. It is interesting that

EDTA or disturbing the GDP form Mg2+-

binding site increased the rate of the

GDP to GTP exchange in D17Arf1-GDP

(Ménétrey et al., 2000). In addition, it has

recently been reported that the GDP

form for D17Arf1-GDP also fluctuated

on the ms-ms time scale, although the

presence of a GTP-like form was not

recognized and characterized (Buosi

et al., 2010) as we have done for NtArl8.

The authors of that study performed

amide 15N R2 relaxation dispersion

experiments using D17Arf1-GDP, and

found significant dispersion profiles for

residues throughout the molecule.

However, the authors did not determine

the populations of the major and minor
states and the chemical shift difference for each residue in the

two states because they used an approximated two-state fast

exchange limit function (Luz and Meiboom, 1963) for which

the parameters for the populations and for the chemical shift

differences could not be derived. In addition, although the

authors obtained a relative value for each chemical shift differ-

ence by using a fixed major and minor population ratio, unlike

those for D16NtArl8, the chemical shift values for the residues

of the putative GTP-like form of D17Arf1-GDP were not

measured which means that the validity of the values of the

chemical shift differences obtained from the R2 relaxation

profiles have not been quantitatively verified by other means

although H-D exchange experiments revealed that the inter-

switch region was mobile. However, because the distribution

of residues exhibiting significant dispersion profiles in D17Arf1-

GDP resembles that found for D16NtArl8-GDP, it may be

that the minor state in D17Arf1-GDP also corresponds to a

GTP-like form that has fully experienced the interswitch toggle.

The exchange rate constant between the major and minor



Figure 7. TheNtArl8 Conformational Transitions and the Associated

Energy Diagrams

The conformations of the GTP and GDP complexes are colored blue and red,

respectively. The conformational state of the interswitch distinguishes the

structures on the right from those on the left. The three GDP complexes are

(A) the GTP-like form and the GDP form (B) before and (C) after N-terminal

capping. The blue, green, and red double-headed arrows indicate the

hydrolysis of GTP, the interswitch toggle, and capping of the N-terminal helix,

respectively. Structures within the red, green, and blue broken lines represent

the allowed conformational space for D7NtArl8-GDP, D16NtArl8-GDP, and

Ras superfamily proteins that do not undergo an interswitch toggle, respec-

tively. The energy diagrams for the conformational transitions of D7NtArl8-

GDP andD16NtArl8-GDP are shown in red and green, respectively. TheNtArl8

structural coordinates for the GTP- and GTP-like forms were obtained using

Cyana (Güntert et al., 1997; Herrmann et al., 2002) and the NMR structural

data, and the GDP forms were built using MODELER (Sali and Blundell, 1993)

(see Experimental Procedures for more detail).
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states for D17Arf1-GDP (kex = 1530 ± 110 S-1 at 25�C) is much

faster than that found for D16NtArl8-GDP (kex (kGDP/GTP-like +

kGTP-like/GDP) = 89.0 ± 16.5 S-1 at 25�C), which may be a conse-

quence of the truncation-site positions. Residue 1 of Arf1 corre-

sponds to residue 3 of NtArl8 and thus, the first two residues of

the first b strand are missing in D17Arf1 (Figure S1), which may

destabilize the GTP-like form of D17Arf1-GDP. Notably, consid-

erable differences in the GDP dissociation rate constants for
Structure 19,
D13Arf1 and D17Arf1 have been measured (Randazzo et al.,

1994, 1995), and, as mentioned above, the concentration of

Mg2+ also affects the transition rates more drastically for Arf1

than it does for NtArl8.

The Arl8 energy diagrams described herein may be character-

istic of those for Arf-family proteins in general. Figure 7 shows

the conformational changes of NtArl8 before and after the

interswitch toggle has occurred and the energy diagrams for

the transitions when GDP is bound. For non-Arf-family proteins

of the Ras superfamily, the interswitch toggle does not occur,

which means that they probably maintain the GTP-like form dis-

cussed herein even when GDP is bound. The Ras-family GTP

and GDP forms respectively represent a conformationally well-

defined active form, which effectively binds an effector, and

a relaxed inactive form (Vetter and Wittinghofer, 2001), although

when GTP is bound, the switch regions of Ras equilibrate among

multiple conformational states (Spoerner et al., 2010). When the

GTP g-phosphate is hydrolyzed, Ras transitions to the energet-

ically more favorable GDP conformation (or to a conformational

ensemble) that is unresponsive to an effector. Therefore, the

energetic cost of maintaining the conformationally active form,

i.e., when GTP is bound, may be used to regulate effector

binding. Because the position of the Ras insterswitch that

connects the two switch regions is the same in the two confor-

mations, Ras seems to be restored to its GTP form simply by

GDP/GTP exchange. Relevantly, a recent computational study

showed that the nucleotide free states for both Ras and Rho

(another subfamily member of the Ras superfamily) interconvert

between conformations that resemble the GTP- and GDP forms,

which suggests that the pre-existing equilibrium model is also

the dominant mechanism for their nucleotide-dependent confor-

mational transitions (Grant et al., 2010). For Arf-family proteins,

furthermore, toggling of the interswitch, which involves rear-

rangement of the hydrogen bond network in the central b sheet,

changes the conformations (or conformational ensembles) of the

two switch regions. The toggled interswitch is then stabilized by

the N-terminal helix. Therefore, to return to the GTP form, the

interswitch must first be toggled to the GTP-like form before

nucleotide exchange can occur (see below). However, because

the activation barrier is high enough to inhibit the conversion of

the GDP form to the GTP-like form, the GDP form can be distin-

guished from the GTP or GTP-like form (Figure 7). The Arf-family

proteins, therefore, appear to be better organized molecular

switches than are other members of the Ras superfamily. For

Rho- or Rab-family proteins, which are two other subfamilies

of the Ras superfamily, the GDP dissociation inhibitor (GDI)

maintains their GDP-bound states and chaperones them into

the cytosol (Jaffe and Hall, 2005; Stenmark, 2009). It is inter-

esting that the Rho- or Rab-family proteins require GDIs to func-

tion; the GDIs seem to function as do the interswitch toggle and

the N-terminal helix together (Figure 7).

The N-terminal helix is intimately involved in the GDP to GTP

exchange process. Like other Arf-family proteins (Kahn et al.,

1992; Ménétrey et al., 2000), D16NtArl8 spontaneously

exchanges GDP for GTP (�10�3 s�1), whereas, the exchange

process is significantly slower for D7NtArl8 (Figure 8), which

suggests that the GTP-like form must be present for the

exchange process to occur. Typically, GDP/GTP nucleotide

exchanges are stimulated by guanine nucleotide exchange
988–998, July 13, 2011 ª2011 Elsevier Ltd All rights reserved 995



Figure 8. Isothermal Titration Calorimetry for

GDP/GTP Exchange in NtArl8

The left and right panels show isothermal titration calo-

rimetry tracings for the spontaneous exchange of GDP for

GTP in D16NtArl8 and D7NtArl8, respectively. The

experiments were performed at 25�C and used solutions

of 50 mM D16NtArl8-GDP or D7NtArl8-GDP in 20 mM

sodium phosphate (pH 7.0), 100 mMNaCl, 200 mMMgCl2,

and 1.25 mM GTP in the same buffer solution. The GTP

solution (2 [top] or 8 ml [bottom]) was injected into the

protein-GDP solution (200 ml) contained in the calorimeter

sample cell. The gradual downward tracings (exothermic

reaction) indicate that D16NtArl8 spontaneously ex-

changed GDP for GTP, whereas the nearly complete

absence of such tracings indicated that D7NtArl8 did not

exchange GDP for GTP. The sharp upward tracings

(endothermic reactions) were caused by diluting the

protein-GDP solution with the GTP solution.
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factors (GEFs) (Gillingham and Munro, 2007; Casanova, 2007).

However, to date, a GEF for Arl8 has not been found. Consider-

ation of Arf1, for which the most structural detail is available

(Amor et al., 1994; Greasley et al., 1995; Goldberg, 1998, 1999;

Renault et al., 2003; Mossessova et al., 2003; Shiba et al.,

2003; Liu et al., 2009, 2010), including myristoylated solution

structures (Liu et al., 2009, 2010), is illuminating. Arf1 is stimu-

lated by the sec7 domains of GEFs (Casanova, 2007). To date,

three distinct crystal structures of Arf1-sec7 complexes, a brefel-

din A (Donaldson et al., 1992; Peyroche et al., 1999) (BFA)-trap-

ped Arf1-GDP-sec7 (Renault et al., 2003; Mossessova et al.,

2003), a charge-reversal-trapped D17Arf-GDP-sec7(E156K)

(Renault et al., 2003), and a nucleotide-free D17Arf1-sec7 (Gold-

berg, 1998), have been reported and are considered to represent

three successive stages of the sec7-stiumulated nucleotide

exchange process (Renault et al., 2003), which suggests that

exchange occurs via the transient binding of sec7 to the GDP

form, followed by an interswitch toggle to the GTP-like form,

and, finally, GDP dissociation. Notably, these processes are

similar to those required for the dissociation of GDP from

D16NtArl8. The crystal structures of Arf1-GDP-sec7 complexed

with the natural inhibitor BFA (Renault et al., 2003; Mossessova

et al., 2003) are considered to be representative of the initial,

transient Arf1-GDP-sec7 complex in which the interswitch

toggle has not occurred (Béraud-Dufour et al., 1999). However,

how a naturally occurring Arf1-GDP-sec7 transient complex,

i.e., one that is formed in the absence of BFA but has the cavity

that can be filled by BFA, could induce the subsequent inter-

switch toggle to stabilize the Arf1- sec7 interaction, has not

been explained. An empty cavity caused by the absence of

BFA is more likely to induce sec7 dissociation rather than

toggling the interswitch. Additionally, sec7 hardly stimulates to

myristoylated Arf1-GDP in the absence of membrane lipids

(Chardin et al., 1996; Paris et al., 1997). However, using the

pre-existing equilibrium model, a reasonable explanation can

be offered. Assuming that the GDP-bound Arf1 core domain is

thermally accessible to the GTP-like form, and that membrane

lipids destabilize the N-terminal helix/core interaction and

consequently the GDP form, then sec7 can more easily bind

to the GTP-like form. Therefore, sec7 also may stabilize a pre-

existing GTP-like form.
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For this paper, we characterized the dynamics underlying the

conformational changes in Arl8 and were therefore able to model

the conformational changes that occur in Arf-family proteins and

describe the associated energy diagrams. To date many studies

have characterized Arf-family proteins according to how the two

distinctconformations function.However, the functionsofproteins

depend on dynamic processes. Therefore, it is also important to

delineate the conformational changes necessary for function.
EXPERIMENTAL PROCEDURES

NMR Peak Assignments and Structural Analysis

D7NtArl8 (residues 8–184) and D16NtArl8 (residues 17–184) were prepared

as described in Supplemental Experimental Procedures. For peak assignment

and structural analyses, NMR spectra were acquired at 25�C using Bruker

600 and 500 MHz spectrometers. Data were processed and analyzed

using NMRPipe and NMRWish (Delaglio et al., 1995). The samples of

D16NtArl8-GTP$Mg2+, the GTP-like form of D16NtArl8-GDP (in the presence

of Mg2+), the GDP form of D16NtArl8-GDP (in the absence of Mg2+), and

D7NtArl8-GDP, each contained 0.2–0.3 mM 13C,15N-labeled protein in

complex with a non-labeled nucleotide, 20 mM sodium phosphate (pH 7.0),

100 mM NaCl, 10% 2H2O. Additionally, 5 mM GTP and 5 mM MgCl2 were

present in the D16NtArl8$GTP$Mg2+ sample and 30 mM MgCl2 was present

in the sample of the GTP-like form of D16NtArl8-GDP. Although GTP in the

D16NtArl8-GTP$Mg2+ sample was hydrolyzed to GDP, the initial 5 mM GTP

concentration was sufficient to maintain the GTP-bound state of D16NtArl8

for �10 days, which allowed us to acquire a series of spectra for D16NtArl8-

GTP$Mg2+. Backbone assignments for the resonances of all samples were

obtained by conventional methods (Cavanagh et al., 2007). Additionally, for

D16NtArl8-GTP$Mg2+ and the GTP-like form of D16NtArl8-GDP$Mg2+, side-

chain assignments were made, and solution structures were built using the

usual structural information and Cyana (Güntert et al., 1997; Herrmann et al.,

2002), which can automatically assign NOESY cross-peaks. Structures of

D7NtArl8-GDP and the GDP form of D16NtArl8-GDP were built using

MODELER (Sali and Blundell, 1993) and the crystal structure of D8HsArl8a-

GDP (PDB accession number 2H18) as the template.
NMR R2 Relaxation Dispersion Experiments
15N R2 relaxation dispersion (Loria et al., 1999; Mulder et al., 2001) data were

acquired using Bruker 600 and 500 MHz spectrometers and the pulse

sequence developed by Hansen et al. (2008), and samples that contained

0.18 mM D7NtArl8-GDP or D16NtArl8-GDP in 20 mM sodium phosphate

(pH 7.0), 100 mM NaCl, 10% 2H2O. A constant relaxation delay time (TCP) of

40 ms was used. The data for D16NtArl8-GDP were fit to a global two-state

model (see Supplemental Experimental Procedures for more detail).
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NMR ZZ-Exchange Experiments

ZZ-exchange (Farrow et al., 1994) data were acquired between 10 and 30�C
with a Bruker 500 MHz spectrometer and solutions of 0.18 mM D16NtArl8-

GDP in 20 mM sodium phosphate (pH 7.0), 100 mMNaCl, 10% 2H2O that con-

tained 0 mM or 1 mM MgCl2. The intensities of the S184 autopeak of the GDP

form and the two cross-peaks arising from the GDP and GTP-like forms were

used for the analysis. Mixing times (Tmix) of 4, 12, 24, 36, 48, 64, 128, 196, 256,

384, 512, and 1024 ms were used. The data were fit to a two-state exchange

model (see Supplemental Experimental Procedures for more detail).
Thermodynamic Parameters for the Conformational Transitions

and Mg2+ Binding

The activation enthalpies (DHz) and entropies (DSz) for interconversion

between the GDP and GDP-like forms of D16NtArl8-GDP in the absent of

Mg2+ were determined using the temperature dependencies of the rate

constants (k) derived from the ZZ-exchange experiments and the Eyring

equation as follows:

ln

�
k

T

�
= � DHz

R
,
1

T
+ ln

�
kB
h

�
+
DSz

R
;

where T is the temperature, R is the gas constant, kB is Boltzmann’s constant,

and h is Planck’s constant. Errors associated with the parameters used in the

fits were estimated by Monte Carlo simulations.

The temperature-dependent association constants (KA) for Mg2+ bound

to the GTP-like form were calculated using the rate constants for the GDP

form and GTP-like form transitions that occurred in the absent and present

of 1 mM MgCl2, and with the assumption that Mg2+ interacted with only the

pre-existing GTP-like form. The following equations were solved simulta-

neously for each temperature-dependent KA:

KA =

�
B,Mg2+

�
½B��Mg2+

�

kAB;0
kBA;0

=
½B�
½A�

kAB;1
kBA;1

=
½B�+ �

B,Mg2+
�

½A�

½P�T = ½A�+ ½B�+ �
B,Mg2+

�

�
Mg2+

�
T
=
�
B,Mg2+

�
+
�
Mg2+

�
;

where A and B indicate the GDP and GTP-like forms, and kAB,0, kBA,0, and kAB,1
and kBA,1, are the transition rate constants for the GDP form/GTP-like form

transitions in the absent and present of 1 mM MgCl2, respectively, and [A],

[B], [Mg2+] and [B$Mg2+] are the concentrations of the free GDP form, the

free GTP-like form, free Mg2+, and the GTP-like form/Mg2+ complex, respec-

tively, and [P]T and [Mg2+]T are the total concentrations of D16NtArl8$GDP

and Mg2+, respectively. For the binding of Mg2+ to the GTP-like form the asso-

ciation enthalpy (DH�) was calculated using the dependence of the KAs on

temperature (the van’t Hoff equation):

dðln KAÞ
dð1=TÞ = � DH+

R

and the association entropy (DS�) using:

DS+ =DH+=T +R ln KA;

where T is temperature, R is the gas constant. Errors associated with the

parameters used in the fits were estimated by Monte Carlo simulations.
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Béraud-Dufour, S., Paris, S., Chabre, M., and Antonny, B. (1999). Dual interac-

tion of ADP ribosylation factor 1 with Sec7 domain and with lipid membranes

during catalysis of guanine nucleotide exchange. J. Biol. Chem. 274, 37629–

37636.

Casanova, J.E. (2007). Regulation of Arf activation: the Sec7 family of guanine

nucleotide exchange factors. Traffic 8, 1476–1485.

Cavanagh, J., Fairbrother, W.J., Palmer, A.G., III, Skelton, N.J., and Rance, M.

(2007). Protein NMR Spectroscopy, Second Edition: Principles and Practice

2nd ed. (San Diego, CA: Academic Press).

Chardin, P., Paris, S., Antonny, B., Robineau, S., Béraud-Dufour, S., Jackson,
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