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The guanine nucleotide binding protein (GNB-protein) ADP
ribosylation factor 1 (Arf1) acts as molecular switch cycling

between an inactive GDP-bound “off” state and an active GTP-
bound “on” state. Because vesicle coat proteins can interact with
only the active form, Arf1 induces vesicle coating or uncoating by
switching between the active and inactive conformation. There-
fore, Arf1 is a key regulator of the Golgi apparatus and traffic from
the Golgi.1�3 Besides the regulation of vesicular trafficking and
endo- and exocytosis, Arf1 directly activates phospholipase D.4 It
controls the activation of the phosphatidylinositole 3-kinase
pathway and thereby contributes to breast cancer progression
and migration.5 Besides these tasks, Arf1 is also known as the
downstream partner of Nef for CD4 lysosomal targeting.6 CD4 is
the primary receptor of the human (HIV) and simian (SIV)
immunodeficiency viruses and is downregulated by the early
protein Nef of these viruses.

The cycling between the active and inactive forms is regulated
by proteins accelerating the exchange of the bound nucleotide
[guanine nucleotide exchange factors (GEFs)] or the activation
of GTP hydrolysis [GTPase-activating proteins (GAPs)].2 The
investigations presented here were performed on the variant
[Δ17]Arf1.7 It differs from the full-length protein because it lacks
the first 17 N-terminal amino acids, which form an amphipathic

helix. In vivo, this helix becomes post-translationally myristoy-
lated and allows membrane attachment of Arf1 in the GTP-
bound state.8 With the truncated variant used here, in vitro
investigations can be performed in the absence of lipids or
detergents. This 18 kDa protein consists of 164 amino acids,
building a six-stranded β-sheet with five R-helices. There are two
switch regions (switch I, amino acids 42�52; switch II, amino
acids 70�85), which show the most structural differences
between the GDP- and GTP-bound forms.9,10 The switch
regions are linked by β-sheets called the interswitch. Bound
GDP can be exchanged with GTP through the Sec7 domain of its
activating protein, ARNO.11,12 In contrast to most other GNB-
proteins, for Arf1 no intrinsic GTPase activity is observed. Arf1
hydrolyzes bound GTP only in the presence of GTPase-activat-
ing proteins,13 which themselves are positively regulated by the
coatamer, but with a different sensitivity.14�16

It could be shown by 31P NMR spectroscopy that the related
protein Ras occurs in two conformational states (states 1 and 2)
when it is complexed with the GTP analogues GppNHp and
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ABSTRACT: Guanine nucleotide binding proteins (GNB-
proteins) play an essential role in cellular signaling, acting as
molecular switches, cycling between the inactive, GDP-bound
form and the active, GTP-bound form. It has been shown that
conformational equilibria also exist within the active form of
GNB-proteins between conformational states with different
functional properties. Here we present 31P NMR data on
ADP ribosylation factor 1 (Arf1), a GNB-protein involved in
Golgi traffic, promoting the coating of secretory vesicles. To
investigate conformational equilibria in active Arf1, the wild type and switch I mutants complexed with GTP and a variety of
commonly used GTP analogues, namely, GppCH2p, GppNHp, and GTPγS, were analyzed. To gain deeper insight into the
conformational state of active Arf1, we titrated with Cu2+-cyclen and GdmCl and formed the complex with the Sec7 domain of
nucleotide exchange factor ARNO and an effector GAT domain. In contrast to the related proteins Ras, Ral, Cdc42, and Ran, from
31P NMR spectroscopic view, Arf1 exists predominantly in a single conformation independent of the GTP analogue used. This state
seems to correspond to the so-called state 2(T) conformation, according to Ras nomenclature, which is interacting with the effector
domain. The exchange of the highly conserved threonine in position 48 with alanine led to a shift of the equilibrium toward a
conformational state with typical properties obtained for state 1(T) in Ras, such as interaction with guanine nucleotide exchange
factors, a lower affinity for nucleoside triphosphates, and greater sensitivity to chaotropic agents. In active Arf1(wt), the effector
interacting conformation is strongly favored. These intrinsic conformational equilibria of active GNB-proteins could be a fine-tuning
mechanism of regulation and thereby an interesting target for the modulation of protein activity.
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GppCH2p
17,18 or the physiological ligand GTP.19 To distinguish

between conformational states in the GDP-bound form (D) in
ambiguous cases, state 1(T) and state 2(T) are termed the active
triphosphate nucleoside-bound complexes. Both conformational
states are characterized by different functional properties. Ras
variants existing in conformational state 1(T), like the partial
loss-of-function mutant Ras(T35S), show a drastically reduced
affinity for effectors,18�21 but this conformation seems to be
recognized by guanine nucleotide exchange factors (GEFs).22

State 2(T) is the high-affinity state for effector interaction.17�21

In the meantime, 31P NMR spectroscopy was also applied to a
variety of other members of the Ras superfamily such as
M-Ras,23,24 Ral,25,26 Rap,27 Cdc42,28 and Ran29 to investigate
their conformational dynamics. It seems that the existence of
different conformational states in active Ras-like GNB-proteins is
a common property, but there are differences in the equilibrium
constants. Therefore, these equilibria could be a fine-tuning
mechanism of regulation of protein activity. Recent 31P NMR
experiments with [Δ17]Arf1(wt) complexed with GTP30,31

indicated only one conformation, which corresponds to one
single-resonance signal for each phosphate group of the nucleo-
tide. To investigate if such dynamic properties are also found in
Arf1 proteins, we tried to shift the equilibrium using different
suitable methods: (i) complexation of Arf1 with different GTP
analogues, (ii) formation of a complex between Arf1 and an
effector domain, (iii) GdmCl treatment, (iv) replacement of the
invariant threonine in switch I, (v) formation of a complex with
the GEF ARNO-Sec7, and (vi) the use of paramagnetic Cu2+-
cyclen to probe the existence of conformational state 1.32�34

The objective of these investigations is to determine the
conformational state in which Arf1 predominantly exists and if
the replacement of GTP with commonly used analogues influ-
ences the conformational behavior and therefore also the func-
tional properties of Arf1. Furthermore, the question of whether
Arf1 exists in an equilibrium between different conformational
states should be answered, which can be modulated to control
the activation�inactivation cycle of Arf1 and consequently all the
tasks like vesicle formation and transport. This would be of great
interest in controlling metabolism.

’EXPERIMENTAL PROCEDURES

Protein Purification. The wild type and T48 mutants of
[Δ17]Arf1, a truncated form of Arf1, lacking the first 17
N-terminal residues, were expressed in Escherichia coli BL21-
(DE3) cells using the pET11d expression vector. Purification was
achieved with fast flow Q-Sepharose (Amersham Pharmacia) by
applying a NaCl gradient (0 to 300 mM), followed by size
exclusion chromatography using a G75 column in buffer, con-
taining 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, and 1 mM
DTE. The final purity of the protein was >95% as judged by
sodium dodecyl sulfate�polyacrylamide gel electrophoresis
(SDS�PAGE). After purification, [Δ17]Arf1 is complexed to
60�70% with GDP and to 30�40% with GTP, as determined by
C18 reverse phase liquid chromatography. To obtain uniformly
loaded protein samples, we exchanged the nucleotide with
GDP or GTP via incubation of [Δ17]Arf1 in the presence of
200 mM (NH4)2SO4 and a 50-fold excess of GDP or GTP.31

Exchange of the nucleotide with GTP analogues GppNHp,
GppCH2p, and GTPγS was done using alkaline phosphatase
treatment in the presence of 200 mM (NH4)2SO4 and a 2-fold
excess of the GTP analogue. Free nucleotides were removed

afterward by gel filtration. The [Δ17]Arf1 concentration as well
as the success of the exchange was determined measuring the
concentration of bound nucleotide by C18 reversed phase
chromatography with a calibrated detector system.
The [Δ17]Arf1-T48 mutants were produced starting with the

[Δ17]Arf1 pET11d plasmid by site-directed polymerase chain
reaction mutagenesis. After transformation of the plasmid in
competent E. coli BL21(DE3) cells, plasmids were isolated again;
the correct single-mutation coding amino acid in position 48 was
identified by DNA sequencing.
The Sec7 domain of nucleotide exchange factor ARNO was

expressed in E. coli BL21(DE3) cells using the pET11d expres-
sion vector. Purification was conducted with a fast flow Q-Se-
pharose column (Amersham Pharmacia), applying a NaCl gradient
(0 to 1M), followed by size exclusion chromatography using a G75
column in buffer, containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1mMMgCl2, and 2mMDTE. The final purity of the protein
was >95%, as judged by SDS�PAGE. The ARNO-Sec7 protein
concentration was determined with a calibrated Coomassie blue
reagent and the absorbance at 280 nmusing an extinction coefficient
ε280 of 13075 M

�1 cm�1. The activity of the ARNO-Sec7 protein
was proven, inducing fast exchange of Arf1 3GDP with the GTP
analogues.
The GAT domain of human GGA1 (residues 166�305) was

expressed as a GST fusion protein in E. coli BL21(DE3)pLys cells
using the pGEX-4-T1 vector. Purification was performed with a
GSH column using Tris-HCl (pH 7.4), 150 mM NaCl, and
2 mM DTE as a buffer. Cleavage was performed using TEV
(tobacco etch virus) protease. His-tagged TEV protease was
removed afterward with Ni-NTA beads. The GAT domain could
be concentrated to 0.4 mM in the buffer described above. The
concentration was determined with a calibrated Coomassie blue
reagent and by the absorbance using an extinction coefficient ε280
of 2980 M�1 cm�1.
NMR Spectroscopy.Measurements were performed typically

on 500 μL of a 1�2 mM [Δ17]Arf1 protein solution in buffer A
[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl2, and
2 mMDTE containing 5% D2O for the lock signal; 0.1 mMDSS
was added to calibrate the spectra by indirect referencing]. 31P
NMR experiments were conducted with a Bruker Avance 500
spectrometer using a 31P selective 10 mm probe and 8 or 10 mm
Shigemi tubes at spectrometer frequencies of 500.1 MHz for
protons and 202.4 MHz for 31P. Measurements were performed
using 70� pulses and a total repetition time of 7 s. Protons were
decoupled during data acquisition by GARP sequence.35 If not
stated, the sample temperature was 278 K to detect slow
conformational dynamics. During the processing procedure,
spectra are exponentially filtered leading to an additional line
broadening of 15 Hz.

31P�31P NOESY36 spectra were recorded with a mixing time
of 2 or 2.5 s and a total repetition time of 13 s. Protons were
decoupled during t1 evolution by a proton 180� pulse and during
t2 by a GARP sequence35 with a B1 field strength of 900 Hz.

31P longitudinal relaxation times (T1) were measured at 278 K
with an inversion recovery sequence. A delay between two scans of
20 s was applied to ensure complete relaxation. The obtained
signal integrals were fitted by a three-parameter fit to the equation

MzðtÞ ¼ M0 þ ½Mzð0Þ �M0�e�t=T1 ð1Þ

whereMz(t) is the z-magnetization (signal integral) at time t and
M0 the magnetization in thermal equilibrium. Protons were
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decoupled during magnetization recovery and data acquisition by
the GARP sequence. Experiments were conducted in a cyclic way
to avoid instability effects of the sample or the spectrometer.
The 31P saturation transfer experiments were performed at

278 K using a strength of the B1 field of 18 Hz; 100 cycles of the
experiments, each with eight scans, were summed to avoid
instability effects of the sample or the spectrometer.

IAðτÞ ¼ IAð0Þ
1
τA

þ 1
T1A

1
τA

exp �τ
1
τA

þ 1
T1A

� �� �
þ 1
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ð2Þ
where IA(τ) is the area of the nonsaturated signal after saturation
time τ (at resonance B) and T1A the longitudinal relaxation time
of signal A (estimated from inversion recovery experiment). It
should be mentioned that T1 relaxation times of states 1a and
state 1b could not be determined separately because of exchange.
The exchange rate is kBA = 1/τA, with τA being the mean lifetime
of the protein in state 1b.37

A Ξ value of 0.4048073561 reported by Maurer and
Kalbitzer38 was used, which corresponds to 85% external phos-
phoric acid contained in a spherical bulb. The temperature was
controlled using 1H line separation methanol in an external
standard for calibration.39

’RESULTS

Conformational States of Wild-Type [Δ17]Arf1 Bound to
DifferentGTPAnalogues. StableGTP analogues are commonly
used to demonstrate GNB-proteins in their active forms, e.g., for
structure determination or in protein�protein interaction stud-
ies. From investigations of different members of the Ras

superfamily, it is known that the nature of the bound nucleoside
triphosphate influences the conformational dynamics and there-
by the functional properties of GNB-proteins in their active
forms.17,19,25�29 Therefore, we have investigated wild-type
[Δ17]Arf1 (Arf1 hereafter) bound to its natural ligand GTP,
as well as analogues GppNHp, GppCH2p, and GTPγS. 31P
NMR spectra were recorded on each Arf1(wt) 3Mg2+ 3 nucleotide
complex at various temperatures. In Figure 1A, the 31P NMR
spectra recorded at 278 K are presented. To verify the assignment
of the phosphorus NMR signals, we performed two-dimensional
(2D) 31P�31PNOESY experiments on each complex (Figure 1B).
The resonance lines that correspond to theR-phosphate groups are
rather unperturbed between free and protein-bound nucleotides
with 31P chemical shift values typically in the range of�10 to�12
ppm. In contrast, the chemical shifts of the β- and γ-phosphate
resonance signals strongly depend on the degree of protonation
within the complex, which is also influenced by Mg2+ coordina-
tion.18,21 By 2D 31P�31P NOESY experiments, the resonances
corresponding to the β-phosphorus can unambiguously be deter-
mined by the pattern of the cross-signals to both theR-phosphorus
and the γ-phosphorus (Figure 1B). The obtained chemical shift
values are listed in Table 1.
In contrast to the results obtained for Ras, Ral, or Ran pro-

tein17,18,24,25,29 in all triphosphate nucleoside complexes, only
one set of resonances is observed. For the GppNHp and GTPγS
complexes of Arf1(wt), the temperature dependence of the line
widths as well as the chemical shifts of the resonance signals
was tested from 273 to 300 K. No indication of fast chemical
exchange processes even at low temperatures could be found
(data not shown). This indicates that Arf1(wt) with GTP bound,
as well as when complexed with different GTP analogues, exists
predominantly in a single conformation. If slow exchange conditions

Figure 1. One-dimensional 31P NMR spectra (A) and 2D 31P�31P NOESY spectra (B) of [Δ17]Arf1(wt) in complex with Mg2+ 3GTPγS (a), Mg2
+
3GppCH2p (b), Mg2+ 3GppNHp (c), andMg2+ 3GTP (d). Measurements were taken on 1�1.5 mM [Δ17]Arf1(wt) in buffer A at 278 K. Spectra were

recorded as described in Experimental Procedures. For the NOESY experiments with Mg2+ 3GppNHp- and Mg2+ 3GTP-bound Arf1 complexes,
Arf1 3GppCH2p complexes, and the GTPγS complex, 64, 96, and 128 t1 increments were performed, respectively. Note that the scaling as well as spectral
width is different for each spectrum.
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relative to the time scale of the NMR experiment are assumed, one
can give an upper limit for the equilibrium constant of a conforma-
tion with a small population of approximately 0.1, taking into
account the signal-to-noise ratio. In contrast to the structure of
theGDP complexes, theGppNHp-bound structure of Arf1 is rather
similar to that of the active state of Ras. In the X-ray structure of the
[Δ17]Arf(wt) 3Mg2+ 3GppNHp complex itself10,40 or in the com-
plex with the N-GAT domain of effector GGA1,40 the invariant
threonine residue of switch I (Thr48 in Arf1) is coordinated to the
γ-phosphate via its main chain amide and contacts the Mg2+ ion,
bound in the active center, by its side chain hydroxyl. This cannot
serve as proof, but it indicates that Arf1 bound to GTP or the GTP
analogues most likely exists in a conformation corresponding to
state 2 in Ras.17,20,21

Formation of a Complex between Arf1 and the GAT
Domain of Human GGA1. In terms of the sensitivity of 31P
NMR spectroscopy, the solubility of the GAT domain at
∼0.3 mM was rather low; thus, the measuring time for obtain-
ing spectra with a satisfying signal-to-noise ratio was on the
order of days. Figure 2 presents 31P NMR spectra of the com-
plexes between the GAT domain of the human GGA1 protein
and Arf1(wt) bound to GppNHp (Figure 2A) or GTPγS
(Figure 2B). Besides the line broadening of all three resonances
by a factor of 2 due to the higher molecular weight and the
corresponding change in the rotational correlation time, in both
cases the γ-phosphate resonance shows a small downfield shift of
0.2 ppm in the GAT complex compared to that of free Arf1.
Unfortunately, multistep titration experiments were not feasible
so far, because of the low solubility of the GAT domain; there-
fore, 31P chemical shift values as well as line width cannot be
determined accurately. Although chemical shift changes do not
directly reflect the extent of the structural rearrangement, one
would expect only small structural changes because of effector
binding in the proximity of the nucleotide binding site of Arf1.

Mutation of the Invariant Threonine in Switch I and Effect
on the Conformational Equilibrium. Replacement of the
crucial threonine in switch I with an alanine or serine should
lead to the destabilization of state 2.18�21,25,28 Therefore, we
created the Arf1(T48S) mutant, still containing the side chain
hydroxyl, and the corresponding Arf1(T48A) alanine mutant.
These mutants seem to exhibit a drastically reduced affinity for
GTP compared to GDP, which led to the fact that exchange of
bound GDP to GTP was not feasible in a direct way (see also
Figure S1 of the Supporting Information). Fortunately, the
exchange with stable GTP analogues using alkaline phosphatase
treatment was more successful. In Figure 3, 31P NMR spectra of
both mutants bound to Mg2+ 3GppNHp or Mg2+ 3GTPγS are
depicted. For GppNHp-bound Arf1(T48S) (Figure 3A), 1.6-fold
larger line widths and changes in chemical shift are shown. This is
observed best for the chemical shifts of the β- and γ-phosphate
resonance with Δδ values of 0.14 and 0.22 ppm, respectively,
to higher field compared to signals observed for the wild-
type protein (Table 1). The spectrum obtained for the Arf1-
(T48A) 3Mg2+ 3GppNHp complex (Figure 3A) shows clearly
broadened resonances, which seems to split into two lines. Large
line width and small chemical shift differences between the two
states lead to an overlap of the resonances. From analytical size
exclusion chromatography, NMR diffusion experiments, and
differential light scattering (data not shown), there is no indica-
tion of dimerization of the mutant proteins, suggesting structural
properties different from those of the wild-type protein. With an
increase in temperature (Figure 3A, top spectrum), the γ-
phosphate resonance of the alanine mutant results in only one
homogeneous line, indicating fast exchange conditions between
at least two conformational states at room temperature. In addition
to the resonances corresponding to Arf1-bound GppNHp and
GDP, sharp lines of free Mg2+ 3GppNHp signals are found in the
room-temperature spectrum. From the line width, there are no

Table 1. 31P Chemical Shift Values and Line Widths of Different Guanine Nucleotides Bound to [Δ17]Arf1 and Its Thr48
Mutantsa

[Δ17]Arf1(wt) [Δ17]Arf1(T48A) [Δ17]Arf1(T48S)

δ (ppm) ν1/2 (Hz) δ (ppm) ν1/2 (Hz) δ (ppm) ν1/2 (Hz)

GDP-Mg2+ �9.74 (R) 56.8 (R) �9.70 (R) 67.7 (R) �9.71 (R) 51.9 (R)
�3.71 (β) 55.0 (β) �3.66 (β) 63.5 (β) �3.67 (β) 53.4 (β)

GTP-Mg2+ �9.69 (R) 34.8 (R)
�15.26 (β) 48.8 (β)

�4.93 (γ) 34.9 (γ)

GppNHp-Mg2+ �10.07 (R) 46.6 (R) �10.23(R) 95.6 (R) �10.04 (R) 76.9 (R)
�0.57 (β) 40.5 (β) �0.81 (β) 77.0 (β) �0.68 (β) 68.1 (β)

�2.35 (γ) 29.1 (γ) �2.57 (γ)b 81.6 (γ)b �2.57 (γ) 56.6 (γ)

�3.08 (γ)b 81.6 (γ)b

GTPγS-Mg2+ �9.73 (R) 49.0 (R) �9.87 (R) 93.9 (R) �9.91 (R) 63.7 (R)
�17.79 (β) 55.5 (β) �18.07 (β) 78.1 (β) �17.87 (β) 63.3 (β)

40.75 (γ) 45.4 (γ) 38.99 (γ) 86.6 (γ) 39.53 (γ) 50.8 (γ)

32.20 (γ) 86.6 (γ)

GppCH2p-Mg2+ �10.76 (R) 53.9 (R)
19.90 (β) 34.3 (β)

7.20 (γ) 24.6 (γ)
aChemical shift values were determined by a fit of the Lorentzian function to the resonances. The total line width at half of the intensity is given. The error
obtained by the fit for chemical shift values is less than(0.1 ppm, and that in line width is less than(2 Hz. The line broadening caused by exponential
filtering of the data is subtracted. bValues obtained from the fit shown in Figure 3b.
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indications of exchange processes. It is more likely that a fraction of
nucleotide free Arf1 precipitated in the sample.
In Figure 3B, the γ-phosphate resonance of Arf1(T48A) in the

GppNHp complex is given together with fitted lines from the
Lorentzian function, corresponding to the γ-phosphate reso-
nances with chemical shift values obtained for wild-type and
Arf1(T48S) (Table 1). The expected exchange between the
resonances obtained for Arf1(T48S) and Arf1(T48A) should
result in additional line broadening; therefore, the increase in
line width was allowed in the fitting procedure. Furthermore, the
β-phosphate signal of bound GDP was taken into account using
the experimentally determined parameters. From this simulation,
an equilibrium constant between T48A and the corresponding
T48S state was found to be 0.4 with a chemical shift of the
additional resonance observed for Arf1(T48A) of �3.08 ppm.
The corresponding free energy between the alanine and serine
mutant conformations would then be �2.1 kJ/mol. The addi-
tional line broadening by exchange is 25 Hz and should give a
direct estimation of the rate of exchange between the two states
corresponding to the two Thr48 mutants.
In the GTPγS complex, Arf1(T48S) shows one signal for each

phosphate, but with a resonance of the γ-phosphate that is
shifted to higher field by 1.2 ppm compared to that of the wild-
type spectrum. Arf1(T48A) further shows a splitting of the
γ- and β-phosphate resonances (Figure 3C), which was obtained
previously for the Ras state 1 mutants Ras(T35A) and Ras-
(T35S) assigned to states 1a and 1b.21 Via performance of 31P
saturation transfer experiments with the irradiation frequency of
state 1b (32.2 ppm), exchange is demonstrated and a rate k1a1b of

2.5 ( 0.2 s�1 could be determined (Figure 3D). If the equilib-
rium constant K1a1b of approximately 0.18 is taken into account,
the total rate of exchange (kex) of 16 s�1 can be estimated at a
temperature of 278 K. The corresponding difference in free
enthalpy between the two substates (ΔG1a1b) is 4.0 ( 0.5 kJ/
mol. For wild-type Arf1, no saturation transfer could be detected,
using an irradiation at the frequency corresponding to state 1b for
1.8 s. The serine mutant seems to take a position between the
alanine mutant and wild-type Arf1. From chemical shift values as
well as line broadening, it seems to be an intermediate between
the more populated conformation of the T48A mutant and the
wild-type state in GppNHp as well as in the GTPγS complexes.
With the serine mutant, the effect of the analogously performed
saturation transfer experiments was only in the limit of error. The
obtained chemical shift values together with the line widths are
listed in Table 1. As mentioned above, the T48 mutants seem to
show a reduced affinity for triphosphate nucleosides compared to
GDP. For a qualitative investigation, we incubated GTPγS-
loaded Arf1(wt) and Arf1(T48A) with a 3-fold excess of GDP.
In Figure S1 (Supporting Information), one can nicely see that in
the case of the mutant the bound GTPγS is replaced with GDP but
no bound GDP could be found for wild-type Arf1. These observa-
tions demonstrate thatGDPhas a higher affinity for theArf1mutant
than the triphosphate nucleoside, probably accompanied by an
expected increase in the nucleotide dissociation rate constant.27

Determination of Longitudinal Relaxation Rates of Wild-
type and Mutant [Δ17]Arf1. The longitudinal relaxation time
(T1) of NMR-active nuclei can be used to probe differences in
their chemical environment and coordination. Although the
obtained values cannot be structurally interpreted in a simple
way, differences in the environment of such nuclei can be
detected and compared with the results obtained for mutants
or other related GNB-proteins. In Table 2, the determined values
for wild-type and mutant Arf1 are summarized. Whereas nucleo-
tides orMg2+-nucleotide complexes show 31PT1 relaxation times
in the range of 0.5 s, those obtained for protein-bound nucleo-
tides vary typically in the range of 4�6 s.18 31P T1 relaxation
times for wild-type Arf1 and Arf1(T48A) were determined by a
standard inversion recovery experiment as described in Experi-
mental Procedures. In the GDP-bound complex, significant
differences are found. Despite the estimated error of up to 1 s
(Table 2), a significantly longer T1 relaxation time is obtained for
the β-phosphate in the T48A mutant than for the wild type. In
the GppNHp complexes, the largest differences could be ob-
tained for the R-phosphate and especially the β-phosphate,
which again are longer in the mutant complex. Analogous results
were obtained previously for Ras protein.18 For the GTPγS
complexes, the largest difference is in the γ-phosphate (1.7 s).
Here wild-type protein shows with a value of more than 6 s a
significantly longer relaxation time compared to that of the mutant
with a time of approximately 4.5 s (Table 2). It must be mentioned
that for Arf1(T48A) the values are averaged values of the mixture of
at least two different conformations, because the rate of exchange is
much faster than T1 relaxation. Although one cannot deduce from
these results the detailed structural properties of the Arf1 variants,
they indicate clearly differences in the interaction phosphate groups
between wild-type Arf1 and Arf1(T48A).
Response of Arf1 to Guanidine Hydrochloride Treatment.

Guanidine hydrochloride (GdmCl) is often used for protein unfold-
ing or stability experiments. The treatment of the GNB-protein
Ras 3Mg2+ 3GppNHp with small amounts of GdmCl shifts the
conformational equilibrium toward state 1.22 We added increasing

Figure 2. Formation of a complex between wild-type Arf1 and the
GAT domain of human GGA1. (A) 31P NMR spectra of the Arf1-
(wt) 3Mg2+ 3GppNHp complex in the absence (bottom) and presence
of the GAT domain (top). (B) 31P NMR spectra of the Arf1(wt) 3Mg2
+
3GTPγS complex in the absence (bottom) and presence of the GAT

domain (top). Because the GAT domain was only soluble at concentra-
tions up to 0.3 mM (in buffer A), active Arf1 nucleotide complexes were
added at a lower concentration of 0.15mM to ensure complex formation
to a large extent (KD value should be in the micromolar range40).
Because of the low sensitivity and broad resonance signals found via 31P
NMR spectroscopy, 15000 FIDs were accumulated for spectra of the
complex; i.e., the measuring time was 30 h for each spectrum. The
temperature was adjusted to 274 K. The obtained 31P chemical shift
values for the Arf1�GAT complexes are �0.61 (β), �2.12 (γ), and
�10.09 ppm (R) for theGppNHp complex (A, top spectrum) and 40.93
(γ), �9.78 (R), and �17.89 ppm (β) for the GTPγS complex (B, top
spectrum).



6321 dx.doi.org/10.1021/bi101573j |Biochemistry 2011, 50, 6316–6327

Biochemistry ARTICLE

amounts of GdmCl to Arf1(wt), as well as to the T48A mutant
(Figure 4). For wild-type Arf1, no indication of unfolding over
conformational state 1(T) could be obtained. At a GdmCl concen-
tration of 1.5 M, the equilibrium constant between bound and free
nucleotides is 1. The Arf1(T48A) 3Mg2+ 3GppNHp complex is less
stable. At a GdmCl concentration of 0.25 M, free nucleotide can be
already observed by the resonances at�0.9,�5.4, and�10.0 ppm,
which correspond to the γ-, β-, and R-phosphates of free Mg2+ 3
GppNHp, respectively (Figure 4). In the presence of 0.75MGdmCl,
the nucleotide is totally released. It is not clear if the equilibrium can
be shifted by GdmCl treatment, because the unstable complex dis-
sociates at very low concentrations of the chaotropic reagent and increas-
ing amounts of nucleotide-free protein precipitated. The missing
contact among Thr48, the metal ion, and probably the γ-phosphate
leads to a drastic loss of stability of the protein 3nucleotide complex.

Cu2+-cyclen Binding for the Identification of Conforma-
tional States of Arf1. Zn2+- or Cu2+-cyclen complexes selec-
tively bind to active Ras protein only if it exists in the
conformation defined as state 1,32�34 which is able to interact
with GEFs22 and shows a 2 order of magnitude decrease in
affinity for effectors.20,21 Very recently, we demonstrated that
Cu2+-cyclen can be used as probe to further prove the existence
of conformational states in Ras-like proteins, such as Ras, Arf1,
and Ran, leading to strong line broadening of the γ-phosphate
resonance if the protein exists in conformational state 1,34

because of paramagnetic relaxation enhancement (PRE). At a
Cu2+-cyclen:Arf1(wt) molar ratio of up to 16, effects on the
chemical shifts, relative integrals, or line widths could not be
obtained, suggesting that wild-type Arf1 exists in a conformation
corresponding to state 2.34 Equal results were obtained for

Table 2. 31P T1 Relaxation Times for Different [Δ17]Arf1 3Mg2+ 3Nucleotide Complexesa

T1 relaxation time of R-phosphate (s) T1 relaxation time of β-phosphate (s) T1 relaxation time of γ-phosphate (s)

Arf1-bound nucleotide wt T48A wt T48A wt T48A

GDP-Mg2+ 4.8( 0.54 5.1( 0.64 6.9( 1.00 4.8( 0.58

GTP-Mg2+ 4.3( 0.19 4.7( 0.34 4.9( 0.34

GppNHp-Mg2+ 3.6( 0.18 5.7( 0.54 4.8( 0.23 5.9( 0.74 5.3( 0.26 5.3b( 0.77

GTPγS-Mg2+ 3.9( 0.29 4.2( 0.24 4.2( 0.18 4.3( 0.60 6.2( 0.31 4.5b( 0.66

GppCH2p-Mg2+ 4.4( 0.45 6.3( 0.45 6.1( 0.12
aValues were determined by the inversion recovery sequence as described in Experimental procedure. The error of the fit procedure of the data is given.
bValues give an average over different states caused by exchange processes, which are faster than T1 relaxation.

Figure 3. 31P NMR spectra of 1�1.5 mM wild type and Thr48 mutants of [Δ17]Arf1 in buffer A. Obtained chemical shift values are listed in Table 1.
(A) Spectra of Arf1 complexed with Mg2+ 3GppNHp recorded at 278 K and Arf(T48A) (top) recorded at 298 K. The resonances arising at�0.9,�5.4,
and�10.0 ppm correspond to the γ-, β-, and R-phosphates of free Mg2+ 3GppNHp, respectively. (B) Line shape of the γ-phosphate resonance of the
T48A mutant at 278 K with the fit of the resonances with the parameters corresponding to the states of the wild type and Arf1(T48S). The equilibrium
constant between the states found for the alanine and serine mutants is 0.4. (C) Spectra of the Arf1 3Mg2+ 3GTPγS complexes at 278 K. (D) Results of
the saturation transfer experiment with Arf1(T48A) with the irradiation frequency on state 1b. I(sat)/I(0) is given vs saturation time. A value for k1a1b of
2.5 s�1 is obtained. The fit equation is given in Experimental Procedures.
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Arf1(wt) in complex with GTP or GTPγS, and again no effects
are found in the corresponding 31PNMR spectra (data not shown).
Arf1(T48S) behaves like the wild type. No effects could be deter-
mined up to amolar excess of the metal cyclen of 16 (Figure 5A);
i.e., the γ-phosphate group seems not to be accessible to the
metal-bound cyclen in the conformational state of Arf1(T48S).
In contrast, when Arf1(T48A) is titrated with Cu2+-cyclen, the
resonance of the γ-phosphate and at higher concentrations also
the one corresponding to theβ- andR-phosphates become strongly
broadened, which indicates the binding of Cu2+-cyclen near the
γ-phosphate that shows the strongest PRE effect. Therefore,
this mutant should at least partially exist in a conformation in
which the γ-phosphate is accessible to the Cu2+-cyclen complex
(Figure 5B).
Formation of a Complex between ARNO-Sec7 and Arf1.

Previously, it could be shown that guanine nucleotide exchange
factor Sos (son-of-sevenless) binds to the conformation of state 1
of GppNHp-bound Ras protein.22 Here we performed titration
experiments between the Sec7 domain of the Arf1-activating
regulator (ARNO) and wild-type Arf1 bound toMg2+ 3GppNHp
and Mg2+ 3GTPγS. Neither line broadening nor changes in

31P
chemical shifts could be observed (Figure 6A,B). With increasing

concentrations of ARNO-Sec7, a small fraction of free nucleotide
could be obtained in the 31P NMR spectra that could reflect the
nucleotide free Arf1 3ARNO-Sec7 complex.We also recorded 1H
NMR spectra for both proteins and their mixture. Again no
indications of a strong complex between Arf1(wt) 3GppNHp and
ARNOcould be detected (Figure S2 of the Supporting Information).
From line broadening of separated resonance lines, we could detect
an increase in line width of 6% at an excess of 1 mM ARNO over
Arf1 3Mg2+ 3GppNHp.Formationof anArf1-ARNOcomplex should
lead to an increase in the rotational correlation time by a factor
of 2.4; thus, as a first approximation, one can estimate a fraction of the
complex of approximately 5%.
Via the performance of analogous 31P NMR experiments on

the titration using the T48A mutant, the interaction can be
clearly demonstrated, resulting in a strong line broadening of the
resonances (Figure 6C,D). Although the resonances are not
separated well, for the 31P resonances corresponding to the
phosphate groups of the bound nucleotide, a slight change in the
equilibrium toward the high-field shifted signal typical for this
mutant can be detected.
To investigate qualitatively the effect of the ARNO-Sec7

domain on active Arf1(wt) and Arf1(T48A), we incubated these
complexes bound to GppNHp with a 2-fold excess of GTP in the
absence and presence of a small fraction of ARNO-Sec7 protein
(Figure S3 of the Supporting Information). By 31P NMR
spectroscopy, one can distinguish easily between the nucleotides
themselves and their complexation state. In wild-type Arf1, the
GTP analog was exchanged with GTP only in the presence of
ARNO-Sec7 (Figure S3A of the Supporting Information). This
result demonstrates that Arf1(wt) 3GppNHp must interact with
ARNO-Sec7, but as determined via line shape analysis of the
spectra presented in Figure 6A,B, the fraction of the Arf-nucleo-
tide 3ARNO complex should be lower than 5% as estimated from
the line width or signal-to-noise ratio. In the experiment with
Arf(wt), in the presence of the GEF, added GTP replaces
completely the corresponding analogue; i.e., GTP exhibits a
higher affinity compared to the analogue. In the mutant, even the
presence of a small amount of GDP, which was still in the sample,
replaces both types of triphosphate nucleosides directly, without
a GEF present (Figure S3B of the Supporting Information).
Addition of ARNO-Sec7 protein shows here no further effects.
That means GDP is more strongly bound to the Arf1 mutant
than either triphosphate nucleoside (see also Figure S1 of the
Supporting Information). The rate of dissociation of the bound

Figure 4. GdmCl titration of 1.6 mM [Δ17]Arf1(wt) (A) and 1.6 mM [Δ17]Arf1(T48A) (B), bound to Mg2+ 3GppNHp. Measurements were
performed in buffer A at 278 K. Highly concentrated GdmCl in the same buffer at the same pH was added. Measurements were started 30 min after
mixing. The resonances arising at �0.9, �5.4, and �10.0 ppm correspond to the γ-, β-, and R-phosphates of free Mg2+ 3GppNHp, respectively.

Figure 5. Titration of GppNHp-bound [Δ17]Arf1(T48S) (A) and the
T48A mutant (B) with Cu2+-cyclen. To initially 1.0�1.4 mM
[Δ17]Arf1 in buffer A was added a 200 mM concentrated solution of
Cu2+-cyclen to the indicated Cu2+-cyclen:Arf1 molar ratio. All measure-
ments were performed at 278 K.
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nucleotide seems to be higher than that of the wild type, as one
would expect with the loss of the contact between the nucleotide
and/or Mg2+ ion and the crucial threonine residue of switch I. It
must be mentioned that the recording times of the 31P NMR
spectra are on the order of hours.

’DISCUSSION

Conformational State of Wild-Type Arf1. Conformational
dynamics of proteins play an important role in the performance
of their cellular tasks, allowing fast enzymatic reactions as well as
proper protein�protein interaction. Guanine nucleotide-bind-
ing proteins must be able to adopt a variety of different
conformations to fulfill their function as molecular switches.
Besides the change between the inactive, GDP-bound and active,
GTP-bound conformation, they have to interact with activating
and inactivating regulators, i.e., the guanine nucleotide exchange
factors (GEFs) and the GTPase-activating proteins (GAPs) as
well as effector proteins, to induce the cellular response. For the
Arf-related proteins of the Ras, Rho, and Ran family, the
coexistence of two different conformational states (state 1 and
state 2) has been shown, when they are bound to guanine
nucleoside triphosphates.17�29 The equilibrium constants
(K12) depend on the nature of the bound guanine nucleotide;
therefore, modifications in the nucleotides such as replacement
of the bridging oxygen between β- and γ-phosphorus lead to a
shift of the equilibrium toward state 1(T) in Ras18,19 or Ral.25,26

State 1(T) of Ras, which is recognized by the catalytic site of the
GEF Sos,22 seems to be a conformation that lacks the coordina-
tion between the totally conserved threonine residue in switch I

and the Mg2+ ion and most probably the γ-phosphate.41 State
2(T) is the high-affinity state for effector binding, presenting the
contacts mentioned above.17�19 Previously, it was shown by 31P
NMR spectroscopy that Arf1(wt) bound to Mg2+ 3GTP shows
one resonance for each phosphate group over the tested tem-
perature range, indicating a single conformational state.30 Ana-
logous results were obtained by Seidel and co-workers.31 In this
work, we tested the commonly used GTP analogues GppNHp,
GppCH2p, and GTPγS. All Arf1(wt) 3 nucleotide complexes
show only single 31P resonances for each phosphate, indepen-
dent of the GTP analogue used. Taking into account the crystal
structure of Arf1(wt)10 (there the truncated variant [Δ17]Arf1
was used, too), as well as the structure obtained with mouse Arf1
in complex with an effector domain,40 we find the conformation
should correspond to state 2, according to our definition. State 2
is the conformation that is stabilized by effector interaction,17�19

with the conserved threonine of switch I (Thr48 in Arf1 and
Thr35 in Ras) coordinated to the γ-phosphate as well as to the
Mg2+ ion. In contrast to the GDP complexes, the active
conformation of Arf1(wt) is very similar to that of Ras-
(wt) 3Mg2+ 3GppNHp.

2,10,40 The crystal structure of Ras42 re-
presents state 2 only, although the protein should exist in an
equilibrium between the two states in the crystal, too, as it was
previously demonstrated by 31P solid state NMR on Ras crystals.43,44

Both switch regions in state 1 mutant T35S were found to be
disordered or flexible in the crystal and therefore invisible in the
crystal structure.20 Very recent results published by Shima and
co-workers using other crystallization conditions show two dif-
ferent forms of active Ras(T35S).41 In both cases, Thr35 is not
coordinated to the Mg2+ ion or the γ-phosphate. The difference

Figure 6. Results of 31P NMR spectroscopy of the titration of [Δ17]Arf1 3Mg2+ 3GppNHp (A and C) or [Δ17]Arf1 3Mg2+ 3GTPγS (B and D) with
ARNO-Sec7 in buffer A (see Experimental Procedures). Measurements were taken initially with 1.2 mM [Δ17]Arf1(wt) 3Mg2+ 3GppNHp (A) and
1.2 mM [Δ17]Arf1(wt) 3Mg2+ 3GTPγS (B), 1.3 mM [Δ17]Arf1(T48A) 3Mg2+ 3GppNHp (C), and 1.0 mM [Δ17]Arf1(T48A) 3Mg2+ 3GTPγS (D).
ARNO-Sec7 protein was added until the indicated ARNO-Sec7:Arf1 molar ratio was reached. The temperature was 278 K.
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in the coordination pattern of the phosphate groups is the inter-
action of Gly60 from switch II with the γ-phosphate.
The truncated version of Arf1 ([Δ17]Arf1) used in this work

allows investigations of Arf1 in its active state without membrane
mimics present, e.g., interaction with GEFs. Therefore, in many
previous structural investigations, that Arf1 variant was used. A
very recent work determined the structure of membrane-an-
chored yeast Arf1.45 In that work, the authors found the obtained
NMR structure of myristoylated yeast Arf1-GTP bound to
bicelles, especially in terms of its switch regions, to be quite
similar to the crystal structure derived from mouse Arf1-GTP,
which seems to represent the state 2 conformation interacting
with the N-GAT domain of GGA.40

Mutation of the Conserved Threonine in Arf1.Mutation of
the crucial threonine residue in switch I of Arf1 to alanine or
serine should destabilize the conformation of state 2(T).18�21,25,28

The 31PNMR spectra of the corresponding GppNHp complexes
show that both Arf1 mutants behave differently. Compared to
the wild type, the mutant Arf1(T48S) shows small changes in the
31P chemical shift values, especially in those corresponding to the
β- and γ-phosphates, and a 1.6-fold broadening of the reso-
nances. The latter observation is an indication of chemical
exchange and/or exchange between the bound and free nucleo-
tide. The alanine mutant shows larger changes in chemical shift
values and broader lines with an inhomogeneous line shape.
This indicates an overlay of at least two resonances in slow
exchange relative to the time scale of the NMR experiment.
The temperature-dependent behavior confirms this hypothesis.
At room temperature, the line results in one sharp resonance
(fast exchange conditions on the NMR time scale). Furthermore,
NMR diffusion measurement, light scattering, and size exclusion
chromatography did not give a hint of dimerization or aggrega-
tion of the protein as it could be shown for membrane-bound
Arf1.46

The resonances are not separated well; thus, determination of
exchange rates or equilibrium constants cannot be determined
accurately from the spectra. As it was proven for Ras 3 nucleotide
complexes (unpublished results), there is no advantage in
performing the measurements at higher magnetic fields, because
relaxation effects caused by the chemical shift anisotropy become
dominant and lead to a further decrease in resolution. With
respect to the temperature dependence of the line width, one
would expect it to be on the millisecond time scale at room
temperature, which is in good agreement with the results found
for other GNB-proteins.18,26 At low temperatures, the γ-phos-
phate line of the T48A mutant bound to GppNHp can be
explained by three lines, corresponding to the state of the wild
type (with a small amount), predominantly by the one obtained
for the T48S mutant, and the one exclusively found for the
alanine mutant. The resulting chemical shift value of the T48A
state is �3.08 ppm with a ratio of 0.4 relative to the T48S-like
state. The rate of exchange is 25 s�1, as estimated from additional
line broadening compared to the resonance obtained for the
T48S mutant.
In complex with Mg2+ 3GTPγS, only Arf1(T48A) shows a

splitting of the γ-phosphate signal, corresponding to two con-
formers of state 1 called states 1a and 1b in analogy to the data
published for Ras protein.21 For Ras protein, these properties
could be shown for both correspondingmutants, Ras(T35A) and
Ras(T35S). This splitting seems to be possible only in the
conformation of state 1(T), caused by different orientations of
the sulfur in the complex.21,34 The equilibrium constant (K1a1b)

is 0.18, and a rate of exchange (kex) of 16 s�1 at 278 K can be
estimated. The latter is 1 order of magnitude lower compared to
that determined for Ras(T35S) 3Mg2+ 3GTPγS by line shape
analysis of the temperature-dependent spectra (approximately
200 s�1).21 This means that Arf1(T48A) at least partially exists in
a conformational state corresponding to state 1, whereas wild-
type Arf1 is predominantly in state 2. The serine mutant exists
structurally in something between the two. It seems that this
mutant exists in the more populated state detected in the
equilibrium of the T48Amutant. Because the side chain hydroxyl
is still present, the interaction with the Mg2+ ion should stabilize
the conformation with switch I close to the γ-phosphate and the
metal ion as it is found in the crystal structure.
Interaction with Cu2+-cyclen, Arno-Sec7, and GAT. As an

effector of Arf1, we expressed the GAT domain of human GGA1
protein. Although the GAT domain showed only a low solubility
of 0.3 mM (which is rather low in terms of 31P NMR sensitivity),
we could record spectra of the complexes between the effector
GAT and Arf1 bound to GppNHp as well as Arf1-GTPγS. In both
cases, the 31P resonances show line broadening due to complex
formation. Further, the γ-phosphate signal shows a small change
in chemical shift value of 0.2 ppm to lower field. These results
indicate that Arf1(wt) exists in a conformation very similar to the
effector binding state. These results confirm that Arf1 bound to
guanosine triphosphates exists in a conformation corresponding
to state 2(T), which is in accordance with crystal structures of
Arf1(wt) 3GppNHp

21 and its complex with a N-GAT domain.40

In both structures, the switch regions are coordinated to the
γ-phosphate.
As shown with the Arf1 mutants, the difference in chemical

shift between the two states is smaller compared to those
obtained for other GNB-proteins. Effector binding usually leads
to minor chemical shift changes as well as to line broadening
because of the increase in the molecular weight of the complex.
These effectsmake it difficult to analyze the obtained results. There-
fore, we used two other ligands to investigate the Arf1 variants in
terms of their conformational states. Cu2+- or Zn2+-cyclen
complexes are known to bind to the active site of Ras only if
Ras is in state 1(T) of the protein.32,33 We could demonstrate
that Cu2+-cyclen can be used to identify conformational states of
Ras-like proteins using the effect of paramagnetic relaxation
enhancement.34 In that work, we could show that Arf1-
(wt) 3GppNHp is insensitive to the paramagnetic probe, a
further indication of the state 2(T) conformation. We have
tested both Thr48 mutants in terms of these properties. Like
the results obtained for the wild type, also Arf1(T48S) seems to
be resistant to the Cu2+ probe in its active site. The resonances
remain unperturbed. In contrast, all 31P resonances of the
Arf1(T48A) spectrum become strongly broadened in a dis-
tance-dependent manner, because of the paramagnetic proper-
ties of the copper(II) ion. The γ-phosphate resonance with a
chemical shift value of �3.08 ppm is especially sensitive. At
higher concentrations, the equilibrium seems to be shifted
toward the latter mentioned state, because the magnitudes of
the resonances typical for the serine mutant decrease. This result
indicates that the interaction of Cu2+-cyclen occurs in a manner
similar to that found for Ras protein.32�34

Formation of a complex of GTP-bound Arf1 with the activa-
tor domain ARNO-Sec7 was assumed to stabilize the state
1(T) conformation of the protein, which resembles a more
opened switch I region.47,48 As shown previously by Kremer
and co-workers,30 there was no significant interaction between
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Arf1(wt) 3Mg2+ 3GTP andARNO-Sec7 detectable in the spectra.
In this paper, we obtained similar results for Arf1(wt) bound to
the different GTP analogues and ARNO-Sec7, but we could
demonstrate that the Sec7 domain promotes nucleotide ex-
change also in active Arf1(wt); thus, interaction must happen.
In principle, four scenarios are possible. (i) The Sec7 domain
binds completely to the dominantly existing active state of Arf1.
This would lead to an increase in the rotational correlation time
by a factor of 2.4 and thus in first approximation to a line
broadening of the 31P resonances by a factor of 2.4. (ii) The Sec7
domain has a dissociation constant in the millimolar range for the
dominant conformational state, and thus, even at the highest
concentration of ARNO-Sec7 used, only a small fraction of Arf1
forms a complex with the Sec7 domain. The resulting line
broadening could be thus smaller than 10%. (iii) The Sec7
domain interacts with a conformation with a low population
(probably the one found for Arf1 mutant) that cannot be
detected in the signal-to-noise level (as estimated 5�10%).
Thus, a line broadening is not visible, and the intensity of
the visible resonance line potentially could decrease slightly.
(iv) The Sec7 domain has a higher affinity for the nucleotide-free
state. This would lead to a dissociation of the nucleotide from
the complex of Arf1 and ARNO. In this case, free nucleotide
could be observed by NMR.
From our 31PNMR data, we can exclude the first case for wild-

type Arf1. Case (ii) would be possible, but we can estimate a
maximal level of complex formation of 5%, taking into account an
estimated error in line width determination (iii) or the signal-to-
noise ratio (iii). With regard to case (iv), at high ARNO-Sec7
concentrations (2 mM), a small fraction of approximately
5�10% of free nucleotide can be observed, which is in agreement
with the increase in line width within the 1HNMR spectra due to
the addition of ARNO-Sec7 to Arf1(wt).
In contrast, addition of ARNO-Sec7 to Arf(T48A) led to

strong line broadening of the resonance signals, which can be due
to the increase in the molecular weight of the complex, as well as
broadening caused by exchange processes of bound and free
nucleotide, which is found in the spectra. In both cases, these
results clearly demonstrate the direct interaction of ARNO-Sec7
and T48A mutant to an large extent.
Comparison with Other GNB-Proteins. Intrinsic conforma-

tional equilibria seem to be a general property of GNP-proteins
in the active GTP-bound form.17�30 At a minimum, one would
expect three different GTP-bound states from the regulation
cycle, the interaction state(s) with effectors and two states
interacting with the activating and inactivating regulators, the
nucleotide exchange factors and the GTPase-activating proteins,
respectively. For several GNB-proteins, two states could be
distinguished by 31P NMR spectroscopy because they lead to
resonances with different chemical shift values. The rates of
exchange are commonly slow on the NMR time scale at
temperatures below 278 K and can therefore be resolved. In
contrast to Ras, Ral, Cdc42, or Ran proteins,17�21,23�30 in the
Arf1 equilibrium the state 2(T) conformation, i.e., the effector
interacting state, is energetically much more favored; thus, even
when the protein is bound to GTP analogues, state 2 clearly
predominates. In the case of Arf1, the GTP analogues seem to be
good analogues for structural as well as biochemical investiga-
tions, in contrast to the results obtained for many other GNB-
proteins, where the equilibria are shifted (and thereby the
biochemical properties) when using GTP analogues instead of
the natural ligand GTP. The truncated Arf1 variant used here

allows investigations in the absence of membrane mimics. There-
fore, the results cannot be directly transferred into in vivo
conditions; nevertheless, one would expect the state 2 conforma-
tion also in themembrane-anchored form that very recentlywas also
shown for yeast Arf1 anchored in a membrane mimic.45 Because
these different conformational states have different physiological
properties, in terms of their affinity for effectors or regulators such as
GEFs or GAPs, as well as their nucleotide binding kinetics27 or
intrinsic GTPase activity,19 it seems that within the cellular network,
fine-tuning of these molecular switches could be achieved by nature
adjusting these equilibria. In terms of academic and medicinal
research, targeting these equilibria is a promising approach to
modulating signaling pathways.
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