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Abstract

Glutamine synthetase (GS) is the key enzyme responsible for the primary assimilation of ammonium in all
living organisms, and it catalyses the synthesis of glutamine from glutamic acid, ATP, and ammonium. One
of the recently discovered mechanisms of GS regulation involves protein-protein interactions with a small
65-residue-long protein named IF7. Here, we study the structure and stability of IF7 and its binding
properties to GS, by using several biophysical techniques (fluorescence, circular dichroism, Fourier trans-
form infrared and nuclear magnetic resonance spectroscopies, and gel filtration chromatography) which
provide complementary structural information. The findings show that IF7 has a small amount of residual
secondary structure, but lacks a well defined tertiary structure, and is not compact. Thus, all of the studies
indicate that IF7 is a “natively unfolded” protein. The binding of IF7 to GS, its natural binding partner,
occurs with an apparent dissociation constant of K, = 0.3 +0.1 uM, as measured by fluorescence. We
discuss the implications for the GS regulation mechanisms of IF7 being unfolded.
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A fundamental question in cellular physiology is how cells
are able to recognize and respond to changes in their envi-
ronment. To answer that question, it is necessary to identify
not only the physiological signal, but also the protein(s)
that senses and induces the responses to that signal. Differ-
ent signal transduction pathways operate in bacteria to regu-
late gene expression. This regulation occurs at the transcrip-
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tional as well as the posttranscriptional levels. In some
cases, a metabolite functions as the signal that triggers
and alters gene expression by interacting directly with a
transcription factor. However, protein-protein interaction
mechanisms occur frequently in the regulatory systems.
The response of bacteria to nitrogen limitation represents
a paradigm of those regulatory systems (Merrick and Ed-
wards 1995; Magasanik 1996). In bacteria, glutamine and
2-oxoglutarate are the most important molecules involved in
nitrogen sensing. The intracellular concentration of these
metabolites, and also the ratio between them, change de-
pending on nitrogen nutritional conditions (Hu et al. 1999).
Glutamine synthetase (GS), the enzyme that catalyses the
synthesis of glutamine from glutamic acid, ATP, and am-
monium, is then also subject to regulation depending on
nitrogen availability. GS type I, the most common type
found in prokaryotes, is a large protein with a molecular
weight of about 600,000 Da. It consists of 12 identical sub-
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units arranged in two superimposed hexagonal rings (Al-
massy et al. 1986; Yamashita et al. 1989; Liaw et al. 1993).
When nitrogen is abundant, the GS activity is down-regu-
lated; conversely, as the nitrogen level lowers, the GS ac-
tivity increases. This regulation occurs by the following
mechanisms: feedback inhibition of the activity, reversible
covalent modification of the enzyme, and transcriptional
regulation of the structural gene (Ritzer 1996). We showed
that cyanobacterial GS from Synechocystis sp. PCC6803 is
controlled posttranslationally by a mechanism that involves
the interaction of the protein with two inhibitory proteins: a
65-residue-long protein named IF7, and a 149-residue-long
protein named IF17 (Garcia-Dominguez et al. 1999). The
presence of either of the two proteins is sufficient per se for
GS inactivation in vitro, but the effects of both proteins in
vivo seem to be cumulative (Garcia-Dominguez et al.
1999). IF7 and IF17 show sequence similarities to each
other, and the theoretical predictions suggest the presence of
an a-helical structure in both proteins. Because a protein
homologous to IF7 is also present in Anabaena sp. strain
PCC7120 (Garcia-Dominguez et al. 1999), the regulation
mechanism of GS by IF7 must be present in other cyano-
bacteria, and deserves to be investigated. Furthermore, the
small size of IF7 makes it a suitable model for nuclear
magnetic resonance (NMR) studies and biophysical charac-
terization.

Here we studied the structure, conformational propensi-
ties, and stability of IF7 using several biophysical tech-
niques, namely, fluorescence, circular dichroism (CD), Fou-
rier transform infrared spectroscopy (FTIR), NMR spectros-
copy, and gel filtration chromatography. The near-UV CD,
fluorescence, and NMR experiments show that in the ex-
plored pH range (pH 3-12), IF7 lacks a significant amount
of tertiary structure. In addition, the gel filtration experi-
ments indicate that IF7 is not compact and has a well hy-
drated core. However, there is evidence of residual secon-
dary structure, as concluded by the far-UV CD and FTIR
experiments. Thus, IF7 shows the features of a “natively
unfolded” protein. Finally, we describe the binding of IF7 to
GS of cyanobacterium Synechocystis sp. PCC6803, mea-
sured by fluorescence. Binding occurs with a dissociation
constant of K,, = 0.3 +0.1 wM. The importance of IF7
being unfolded for the GS regulation is discussed.

Results

Structure and stability of IF7

We used several biophysical probes which provide comple-
mentary information about the structure of IF7.

Fluorescence experiments
Steady-state fluorescence. We have used fluorescence
spectra to map any change in the tertiary structure of the
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protein upon pH (Schmid 1997). IF7 has a sole tryptophan
at position 42 and one tyrosine at position 57. The emission
fluorescence spectrum of IF7 at pH 6.5, either by excitation
at 280 nm or 295 nm, is red-shifted, with a maximum at 354
nm. This indicates that the tryptophan is solvent-exposed.
The shape of the spectra and maximum wavelengths did not
vary as the pH changed from 3 to 12 (data not shown).

Examination of tryptophan exposure by fluorescence
quenching. To further examine whether the tertiary struc-
ture around Trp42 and Tyr57 is absent at pH 6.5, we studied
iodide quenching by excitation at 280 nm (Table 1). As can
be observed, the K, parameter remained essentially con-
stant under all conditions explored, in both the absence and
the presence of any chemical denaturant, suggesting that the
aromatic rings were solvent-exposed.

The presence of KCI (see Materials and Methods) did not
modify the structure of IF7, as can be concluded from the
following findings: (1) The positions of the maxima wave-
lengths in the fluorescence spectra during the quenching
experiment did not change, and (2) the shape and the ellip-
ticity of the CD spectra carried out in the KCI concentration
range of 0-1 M did not change significantly (data not
shown).

Chemical denaturation. Chemical denaturation in the
presence of GdmCI showed a gradual increase in the fluo-
rescence as the concentration of denaturant increased, with
small gradual changes in the maxima of the spectra (data not
shown). This linear behavior is expected for solvent-ex-
posed aromatic rings (Schmid 1997).

ANS binding. ANS binding at pH 6.5 was used to moni-
tor the presence of clustered hydrophobic regions in IF7 and
then the existence of partially folded conformations (Semi-
sotnov et al. 1991). The spectrum of ANS in the presence of
protein showed a maximum at 480 nm, as in the spectrum of
ANS alone. Changes in the fluorescence intensity of the
ANS spectrum were not observed when IF7 was added (data
not shown). This suggests that no exposure of any clustered
hydrophobic region occurred in IF7 at pH 6.5. Similar re-
sults were obtained at other pH values between 3 and 12.

Circular dichroism experiments
Far-UV CD. We used far-UV CD in the analysis of the
unfolding of IF7 as a spectroscopic probe that is sensitive to

Table 1. Quenching parameters in KI*

Conditions Kgy M7
pH 6.5 3.6+03
6 M GdmCl 40+0.2
6 M urea 44+03

* Errors are data fit errors to Eq. 1. The constants were obtained by fitting
of fluorescence intensity at 338 nm versus concentration of quenching
agent (similar constants were obtained by fitting the intensities at 335, 336,
and 337 nm; data not shown). Experiments were carried out at 298 K, pH
6.5, 10 mM phosphate buffer.
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protein secondary structure (Woody 1995; Kelly and Price
2000). The CD spectrum of IF7 at any pH at 298 K showed
a minimum negative ellipticity at ~200 nm, characteristic of
random coil or denatured proteins (Fig. 1A; Cantor and
Schimmel 1980; Kelly and Price 2000). There was a small
shoulder at 222 nm, which suggests the presence of a-helix-
or turn-like conformations; however, the presence of aro-
matic signals cannot be ruled out (Cantor and Schimmel
1980). The estimated population of a-helix- or turn-like
structure from Equation 4 below is 13%. The same shape
was observed at low temperature (283 K).

Chemical- and pH-denaturation. The ellipticity at 222
nm decreased (more positive values) gradually as the con-
centration of GdmCl was increased (Fig. 1B), indicating
that the denaturation was a noncooperative process. At high
GdmClI concentrations, the CD spectra showed a positive
band around 220 nm (Fig. 1A), as could be expected in
completely random-coil proteins (Cantor and Schimmel 1980;
Kelly and Price 2000). These results further support the pre-
vious suggestion that IF7, under native conditions, could have
some residual secondary structure, although the general shape
of the spectra corresponds to that of random conformations.

Urea denaturation experiments showed the same behavior
as that described for GAmCI (data not shown). Both chemi-
cal denaturation processes were fully reversible.

The shape of the spectrum did not change over the pH
range explored. There was, however, a sigmoidal change in
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the ellipticity at 222 nm as the pH increased (Fig. 1C),
towards more negative ellipticity values. The apparent pK,
of that transition at 222 nm was 6.6 = 0.1, which is close to
the titration midpoint of solvent-exposed histidine residues
(Cantor and Schimmel 1980). The same pK, values were
calculated by observing the ellipticity at other wavelengths
(data not shown).

Near-UV. We used near-UV CD to detect possible
changes in the asymmetric environment of aromatic resi-
dues (Cantor and Schimmel 1980; Kelly and Price 2000).
The near-UV of IF7 was very weak, and there were no
intense bands. There are two possible explanations: First,
the absence of a near-UV signal could be because of the
absence of an asymmetric environment for the aromatic
residues, and thus it would further support the previous
suggestions of the lack of a well defined tertiary structure in
IF7; alternatively, the absence of a near-UV signal could be
due to the low content of aromatic residues (data not
shown). We favor the first explanation because of the agree-
ment with the results of the other biophysical probes.

Thermal denaturation experiments. To further investi-
gate the possible presence of residual secondary structure in
IF7, we carried out thermal denaturation experiments fol-
lowed at 222 nm. The ellipticity at this wavelength did not
change in a sigmoidal fashion; rather, it showed a linear
behavior until it reached a plateau at high temperatures (Fig.
1D). This suggests absence of cooperativity, as expected for
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Figure 1. Far-UV CD of IF7. (A) Spectrum of IF7 at pH 6.5 (dotted line) and at 6 M GdmCl, pH 6.5 (continuous line) at 298 K. (B) Change in the ellipticity
at 222 nm upon GdmCl concentration changes at 298 K. (C) Changes in the spectra at 222 nm upon pH changes at 298 K. The continuous line is the fitting
to Equation 6; see text for details. (D) Thermal denaturation profiles at pH 6.5 followed by the changes in the ellipticity at 222 nm. The conditions were
20-30 uM of protein; buffer concentration was 10 mM in all cases. Spectra were acquired in 0.1-cm-pathlength cells.
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a noncompact structure. The denaturation process was fully
reversible.

Fourier transform infrared spectroscopy

Steady-state FTIR. FTIR is a powerful method for inves-
tigation of secondary protein structure. The main advantage
in comparison with CD and fluorescence is that FTIR is
much more sensitive to the presence of [B-structure or ran-
dom-coil. In the case of proteins, structural information can
be obtained by analyzing the amide I region of the spectrum
(1700-1600 cm™"). The absorbance of this band is mainly
because of the stretching vibration of the carbonyl peptide
bond, whose frequency is highly sensitive to hydrogen
bonding and thus to protein secondary structure (Surewicz
and Mantsch 1988). We acquired the experiments at this
low temperature to stabilize the possible residual secondary
structure observed by CD (see above). The band is centered
near 1644 cm™!, which is characteristic of nonordered con-
formations. Amide I band analysis (see Materials and Meth-
ods) showed maxima centered at 1695, 1683, 1672, 1657,
1644, 1628, 1615, and 1609 cm™". The 1609 and 1615 cm™
components correspond to side chain vibrations, and the
other maxima are assigned to vibration of groups involved
in different secondary structural motifs (Surewicz and
Mantsch 1988); the 1628 cm™" band is assigned to (m, 0)
B-sheet structure (Byler and Susi 1986); the 1644 cm™' band
is assigned to random-coil structure (Arrondo and Goiii
1999); the 1657 cm™' is assigned to a-helix or disordered
structure (Braiman and Rothschild 1988; Denning et al.
2002); the 1672 cm™" component is assigned to turns and
loops (Byler and Susi 1986), and also to (0, ) [(-sheet
vibration band (Arrondo et al. 1987; Denning et al. 2002);
the 1683 cm™' band includes contributions from turns; and
the origin of the band at 1695 cm™! is uncertain, but it could
be because of a turn-like conformation (Arrondo et al.
1987). The percentages of secondary structure calculated
from the area of the fitted bands are in Table 2. The deter-
mination of the percentage of secondary structure by decon-
volution of the FTIR amide I band has been used for a long
time. It has proved to be a very robust method by comparing
the calculated percentage of structure obtained by FTIR
with that obtained by X-ray in several model proteins (Byler
and Susi 1986). In all cases, the results from both techniques
are in good general agreement.

No band was observed in the amide II region (because of
the stretching of the amide protons) 5 min after the protein
was dissolved in deuterated water (hydrogen/deuterium ex-
change experiments). This suggests, as was shown in the
NMR experiments (see below), that no stable hydrogen
bonds are present in IF7.

Thermal denaturation FTIR. The thermal denaturation of
IF7 showed basically the same behavior observed in the CD
experiments, but it was irreversible. This is probably be-
cause of aggregation or chemical modification (at high tem-
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Table 2. Secondary structural analysis of IF7 as determined
by FTIR*

Wavenumber Structural % of total
(cm™) assignment® secondary structure
1683 Turns 2

1672 Turns/loops/(0, ) B-sheet 21

1657 Loops/disordered/a-helix® 17

1644 Random-coil 38

1628 B-sheet MT, 01 22

3 Errors in the wavenumber are estimated to be + 2 cm™!.

® There are three more bands, which have not been indicated in the table.
The first one centered at 1695 cm™', whose assignment is uncertain (its
contribution to the total area of the amide I band is less than the 1%). The
other two bands, at 1609 and 1615 cm™, are assigned to side chains; they
account for 5% of the whole area of the amide I band. The percentages of
secondary structure on the third column of the table do not take into
account these three bands.

¢ The assignment of this band is uncertain (see text for details).

peratures) of the protein because of the high concentrations
used (data not shown). Aggregation problems because of the
lyophilization process during FTIR sample preparation can
be ruled out because the shapes of the NMR spectra of
lyophilized protein and those of concentrated solutions are
the same (see below).

Nuclear magnetic resonance

NMR can give information about the general fold of a
polypeptide chain in solution at the residue level. The one-
dimensional NMR spectrum of IF7 at 298 K showed a slight
degree of chemical shift dispersion: The amide, the aro-
matic, and the methyl protons (Fig. 2) were clustered in
those regions expected for random coil proteins (Wiithrich
1986), namely, between 8.0 and 8.7 ppm (for the amide
signals), between 6.8 and 7.5 ppm (for the aromatic signals),
and between 0.8 and 1.0 ppm (for the methyl protons).
Further, the proton belonging to the indole moiety of the
sole tryptophan residue appeared at 10.23 ppm, close to the
value observed in disordered polypeptides (10.22 ppm; Fig.
2A; Wiithrich 1986). The line widths of amide region pro-
tons were not significantly broader than those of proteins
with similar size, suggesting that the protein is a monomer
even at 1.5 mM. A similar spectrum was observed at 278 K
(data not shown).

In the hydrogen/deuterium exchange experiment (data
not shown), all of the amide protons disappeared within 5
min. Only the aromatic protons corresponding to Phel7,
Phe41, Phe53, Trp42, Tyr57, Hisl4, and His15 could be
observed. This suggests that no stable hydrogen-bonding
structure is present in IF7.

Gel filtration experiments and shape parameters

IF7 eluted at pH 6.5 at 14.18 mL, which yields a Stokes
radius determined from Equation 8 of 15.6 A (Fig. 3). Be-
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Figure 2. NMR spectrum of IF7. Amide (A) and methyl (B) region of IF7.
Conditions were 1.5 mM protein, phosphate buffer (10 mM), pH 6.5, 298 K.

cause the inherent precision of molecular radius determina-
tions of globular proteins by gel partitioning methods has
been shown to be +0.2 A (Darlin et al. 2000), it can be
concluded that the measured value is larger than that ex-
pected from a 65-residue-long globular protein (13.7 A,
obtained from the linear relationship between the molecular
weight of the standard globular proteins and their Stokes
radii; Fig. 3A; Creighton 1993). There are two possible
explanations for this result: Either native IF7 is an oligomer,
or it has an elongated shape relative to the globular proteins
used as standards. We can rule out the first explanation
because (1) the presence of oligomer populations would
result in elution volumes close to those observed for the
higher-molecular-weight standards, (2) cross-linking ex-
periments of IF7 did not show the presence of dimers at the
concentrations used in the gel filtration experiments (data
not shown), and (3) the NMR experiments (see above) in-
dicated that the protein is a monomer even at 1.5 mM. Thus,
we can conclude that IF7 is not an oligomer, and it probably
has an elongated shape.

We can further elaborate on the IF7 shape by using the
gel filtration methods to calculate the frictional ratio, f/f;, a
measure of the departure of the molecule from spherical
shape (Siegel and Monty 1966). Globular proteins have usu-

ally frictional ratios close to 1, but elongated or nonglobular
proteins have larger ratios (Siegel and Monty 1966). The
molecular weight of IF7 is 7475.4 Da and V = 0.70456
cm’/g, as calculated from amino acid composition (Creigh-
ton 1993). Then, Equation 12 leads to r, = 12.7 A. This
results in a frictional coefficient f/f, = 1.2, consistent with
an extended, elongated, nonspherical conformation.

The w,,,, for globular proteins is usually 0.3 g of water
per gram of protein or even lower; higher values indicate
that the protein is more hydrated and that there is a larger
number of solvent-exposed regions. The w,,,, of IF7, ob-
tained from Equation 13, is 0.6 g of water per gram of IF7,
suggesting that the protein is highly hydrated.

In conclusion, all of the hydrodynamic parameters ob-
tained from the gel filtration experiments indicate that IF7
has an elongated shape and that it is very well hydrated.

Structure of GS

To characterize the binding of IF7 to GS, we first examined
the spectroscopic properties of GS.

R (A)

erfc” (o)

(8)

Absorbance (a.u.)

0 10 20 30 40 50
Time (min)

Figure 3. Hydrodynamic properties of IF7. (A) Determination of the
Stokes radius by gel filtration chromatography on an HR Superdex G75.
The elution volume of IF7 is indicated by an arrow and a square (see text
for details). The numeration corresponds respectively to the elution vol-
umes of ribonuclease A (1), chymotrypsinogen A (2), ovalbumin (3), and
albumin (4). (B) Gel filtration elution peak of IF7 in phosphate buffer, pH
6.5 (10 mM) at 298 K; flow, ImL/min.
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Fluorescence measurements

The maxima of the fluorescence spectra of GS was 337
nm (data not shown). This maximum moved to red-shift
wavelengths (350 nm) and the fluorescence intensity de-
creased as the concentration of either GdmCl or urea in-
creased. The measured denaturation midpoint, when using
GdmCl as denaturant, was smaller (data not shown). As
could be expected from an oligomer, the midpoint of the
chemical denaturation increased as the concentration of pro-
tein increased, changing in any case with a sigmoidal be-
havior (data not shown).

CD measurements

The shape of the CD spectrum of GS was typical of an
a-helix conformation (Cantor and Schimmel 1980; Kelly
and Price 2000), as could be expected from the X-ray struc-
ture of other GS proteins (Almassy et al. 1986; Yamashita
et al. 1989; Liaw et al. 1993). There were intense minima at
222 nm and 208 nm. The shape of the spectrum did not
change in the concentration range explored, 5-50 M (data
not shown).

Thus, the results of both techniques indicate unambigu-
ously that GS is well folded.

Determination of the GS to IF7 binding constant

The value of K,, obtained by fluorescence (see Materials
and Methods) at 1.5 pM of GS is 0.3 £ 0.1 pM. At con-
centrations lower than 0.5 uM of GS, the results could not
be analyzed reliably because of the limitations of the tech-
nique. Binding curves obtained at GS concentrations of 1
M yielded the same K, (data not shown). It is interesting
to note here that the use of IF7 concentrations four times or
more larger than the GS concentration used yielded sample
precipitation during the binding experiments. These results
are in agreement with functional assays, where it has been
shown that the complete inactivation of GS occurs when the
concentration of IF7 is four times larger than the GS con-
centrations (Garcia-Dominguez et al. 1999). The complete
GS inactivation could implicate the precipitation of IF7, GS,
and/or the complex at high IF7 concentrations, as concluded
from the absorbance measurements. Neither precipitated
forms nor aggregated species were found at lower IF7 con-
centrations. We were not able to determine reliably the
value of the number of interacting sites, since the fitting
calculations with different n values yielded the same disso-
ciation constant and showed a good statistical x* parameter.

Discussion

IF7 is a “natively unfolded” protein

Structural features
All of the biophysical studies in this work show that IF7
lacks a well defined tertiary structure and is mainly a dis-
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ordered protein, with neither stable hydrogen bonds nor a
well formed core. The lack of dispersion of the amide sig-
nals in the NMR spectrum and the absence of cooperativity
during the thermal and chemical denaturation experiments
(followed by CD, FTIR, and fluorescence) also support that
the tertiary structure of IF7, if any, is very weak and no
hydrophobic core is formed.

However, there is evidence of residual secondary struc-
ture, as concluded from the FTIR and CD experiments.
Far-UV CD spectra show the presence of secondary struc-
ture as supported by the shoulder at 222 nm (Fig. 1A),
which disappears at high denaturant concentrations (Fig.
1B). This shoulder could be because of either the presence
of residual helical- or turn-like structure [13%, as calculated
by Equation 4] or aromatic residues (Cantor and Schimmel
1980; Kelly and Price 2000). Moreover, FTIR also suggests
the existence of turn-like conformations, although the per-
centage (~21%) seems to be higher than that observed by
CD (Table 2). The differences between the values reported
by both techniques could be because of (1) the deconvolu-
tion procedures (in the case of FTIR), (2) the presence of
aromatic residues (CD), or (3) the empirical character of
Equation 5 (CD). Because theoretical predictions suggest
that IF7 has a long a-helix comprising residues 3—45 (Gar-
cfa-Dominguez et al. 1999), part of this helix could be popu-
lated, and its presence could be reported by FTIR and CD
measurements. It is worth noting that FTIR also predicts
22% -sheet (Table 2), which could not be confirmed by
CD, because of its lower sensitivity to this type of secondary
structure.

The described structural features of IF7 are not unusual,
rather they are common to a class of proteins known as
“natively unfolded” proteins. In brief, those features include
(1) absence of tertiary structure, and most of the secondary
structure, (2) lack of a tightly packed core (i.e., globularity),
and (3) a high degree of flexibility (Dunker et al. 2002;
Dyson and Wright 2002; Uversky 2002). Here, we show
that IF7 is nonglobular and devoid of tertiary structure, thus
fulfilling the first criterion for this class of proteins. To
address the compactness of IF7, we must use the gel filtra-
tion results. The experimentally determined Stokes radius
for IF7 is 15.6 A, suggesting that IF7 is larger than expected
for a protein of its size. The hydration results indicate that
IF7 has a well hydrated core.

To address the issue of the flexibility of IF7, we used two
different approaches. First we used the Vihinen scale (Vi-
hinen et al. 1994), which reflects the protein flexibility by
considering a flexibility scale for each amino acid. Accord-
ing to this scale, the most rigid amino acids are W, C, F, I,
V., Y, L, and M. In the IF7 sequence (Fig. 4), these amino
acids account for only 25% of the total sequence; con-
versely, highly flexible amino acids according to the Vi-
hinen scale (G, Q, S, N, E, K, D, and P) are overrepresented
in IF7 (48%). Secondly, we used sensitivity to proteolytic
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Figure 4. Sequence of IF7. The amino acid sequence of IF7 is given in the one-letter code. Residues which are underrepresented in
“natively unfolded” proteins and those overrepresented, according to the findings of Dunker et al. (Li et al. 1999, 2000; Romero
et al. 2001; Dunker et al. 2002) are in blue and in red, respectively. The rest of the residues are in black.

digestion. IF7 was sensitive to low concentrations of pro-
teinase K (M. Muro-Pastor, J. Reyes, and F. Barrera, un-
publ.) and trypsin (F. Barrera and J. Neira, unpubl.), thus
suggesting a quite flexible structure as is the case with other
“natively unfolded” proteins (Denning et al. 2002).

Then, based on structural features alone, we can conclude
that IF7 behaves as a “natively unfolded” protein; that is,
IF7 is essentially disordered in solution, lacking a well fixed
tertiary structure, and containing weak and flickering sec-
ondary structure.

Amino acid sequence features

“Natively unfolded” proteins also share sequence pecu-
liarities, such as (1) numerous uncompensated charged
groups, which results in a large net charge at neutral pH; (2)
a low content of hydrophobic amino acid residues; and (3)
a large number of the E, K, R, G, Q, S, P, and A amino acids
and a low number of I, L, V, W, F, Y, C, and N, as shown
by Dunker and coworkers (Li et al. 1999, 2000; Romero et
al. 2001) and others (Tompa 2002). It is interesting to note
here that the set of residues that is underrepresented in “na-
tively unfolded” proteins, according to the Dunker criteria,
is essentially the same (except for the M and N) as the set
of rigid residues found in the Vihinen scale (Vihinen et al.
1994). The accumulation of both sets of amino acids in
“natively unfolded” proteins accounts for the general low
hydrophobicity and the high net charge observed by Uver-
sky and coworkers in their experimental survey of those
proteins (Uversky 2002); their conclusions indicate that hy-
drophobicity and net charge are responsible for the com-
pactness of any polypeptide chain.

IF7 also shows all of the sequence features of “natively
unfolded” proteins. Its theoretical isoelectric point is 10.9,
which corresponds to a net mean charge of 4 at neutral pH.
Its content of hydrophobic residues is very low, yielding an
average of hydropathicity of —0.8 (Kyte and Doolittle
1982). In addition, residues I, L, V, W, F, Y, C, and N
account for 21% of the total number of amino acids, and E,
K, R, G, Q, S, P, and A account for 58% of the total number
of residues (A, Q, and S are the most frequently appearing
residues of the protein—11%, 12%, and 12%, respectively;
Fig. 4).

In conclusion, considering the conformational propensi-
ties and sequence characteristics of IF7, it can be classified
unambiguously as a “natively unfolded” protein.

Binding of IF7 to GS

The finding that GS is reactivated (i.e., IF7 is no longer
bound) by increasing the pH up to 9 (Mérida et al. 1991;
Garcia-Dominguez et al. 1999) underlines that the electro-
static factor is responsible for the binding. The electrostatic
factor seems, with the low hydrophobicity, responsible for
the “natively unfolded” state of unbound IF7 (see above).
An excessive accumulation of negative charges in GS and
IF7 at high pHs does probably make IF7 detach. We do not
know whether the structure of bound IF7, if any, changes
with pH, but the ellipticity of unbound (and “natively un-
folded”) IF7 does change (Fig. 1C). However, it remains to
be established whether a change in the environment of an
aromatic residue or a proper conformational change is re-
sponsible for the ellipticity changes in unbound IF7 (Fig.
1C). Even if a conformational change is occurring, we can-
not conclude, based exclusively on these data, that stabili-
zation of residual structure in unbound IF7 promotes unzip-
pering of the complex in light of the shift in equilibrium
conditions.

The binding between GS and IF7 occurs with an apparent
dissociation constant of 0.3 = 0.1 wM, which corresponds to
a AG of —=8.9 + 0.3 kcal mole™" at 298 K. Because we have
shown by gel shift experiments that IF17 has a higher af-
finity for GS than does IF7 (Garcia-Dominguez et al. 1999),
the measured K, value sets a limit for the affinity of IF17.
As no affinity constant was determined from the activity
measurements (Garcia-Dominguez et al. 1999), it has not
been possible to compare the value of the K, measured
here. Despite our attempts, we have not been able to deter-
mine exactly the stoichiometry of the GS-IF7 complex. Nor
could we determine unambiguously whether IF7 folds upon
binding to GS, although CD experiments suggest a change
in the conformational propensities of one, if not both, mol-
ecules upon binding (data not shown).

Finally, we may speculate over the advantages of a dis-
ordered IF7 relative to a folded protein. It has been sug-
gested that if the protein is unfolded there are two clear
advantages (Dunker et al. 2002). First, the free energy aris-
ing from the protein-ligand contacts would be reduced by
the free energy needed to fold the intrinsic disorder. And
secondly, if a protein is disordered, a particular molecule
could bind to different partners with only small structural
accommodations. In vivo, the effects of IF7 and IF17 are
cumulative, with different inactivation kinetics, but the
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presence of either of the two proteins is sufficient per se for
GS inactivation in vitro (Garcifa-Dominguez et al. 1999). If
IF7 were unfolded, it would have enough flexibility to form
a loose overall assembly with either the isolated GS or the
formed GS-IF17 complex. In this latter case, IF7 could un-
dergo different rounds of disorder—order transitions to
strengthen the overall complex. Experiments are underway
in our laboratories to elucidate the importance of IF17 in the
binding of IF7 and GS.

Materials and methods

Materials

Ultra-pure GdmCI and urea were from ICN Biochemicals. Exact
concentrations of GdmCI and urea were calculated from the re-
fractive index of the solution (Pace 1986). Standard suppliers were
used for all other chemicals. Water was deionized and purified on
a Millipore system.

Protein purification

Synechocystis GS type 1 was expressed and purified in E. coli as
described elsewhere (Garcia-Dominguez et al. 1999). IF7 was ex-
pressed in E. coli as described previously (Garcia-Dominguez et
al. 1999) and purified from the soluble fraction by the following
procedure. After induction of IF7 expression, cells were collected
and resuspended in buffer A (10 mM Hepes, pH 7.0, 1 M ammo-
nium sulfate) with 1 mM phenylmethylsulfonyl fluoride and 2
pg/mL leupeptine added. Cells were disrupted by sonication, the
lysate was centrifuged at 15,000 g for 15 min, and the resulting
cell-free extract was loaded onto a phenyl-Sepharose column
equilibrated with buffer A. Elution was performed with a linear
gradient (1-0 M ammonium sulfate) in 60 mL of 5 mM Hepes, pH
6.5 (buffer B). Fractions with high GS inactivation activity were
combined, diluted fivefold, and applied to a CM-Sephadex C25
column equilibrated with buffer B. After washing the column with
the same buffer containing 0.2 M NaCl, the elution was carried out
with a linear gradient (0.2-0.6 M NaCl) in 60 mL of buffer B.
Fractions that showed GS inactivation activity were pooled, con-
centrated using a stirred ultrafiltration cell with a YM3 membrane
(AMICON), and subjected to gel filtration chromatography using
a HilLoad 16/60 Superdex 75 gel filtration column (Amersham
Biosciences) running on an AKTA FPLC system. Active fractions
were concentrated using the ultrafiltration system described above,
and their purity was analyzed by SDS/PAGE. The protein concen-
tration was calculated from the absorbance of stock solutions mea-
sured at 280 nm, using the extinction coefficients of model com-
pounds (Pace and Scholtz 1997).

Fluorescence measurements

Fluorescence spectra for IF7 were collected either on an Aminco-
Bowman SLM 8000 spectrofluorometer (Spectronics Instruments)
interfaced with a Haake water bath, or in a Cary Eclipse spectro-
fluorometer (Varian) interfaced with a Peltier cell. Sample con-
centrations were in the range of 2—-6 wM, and the final concentra-
tion of the buffer was, in all cases, 10 mM. A 0.5-cm-path-length
quartz cell (Hellma) was used for measurements in the SLM spec-
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trofluorometer, and a 1-cm-path-length quartz cell (Hellma) was
used in the Varian spectrofluorometer.

Steady-state fluorescence measurements

Samples of IF7 were excited at 280 nm and at 295 nm at 298 K
in the pH range 3—12 to characterize putative different behaviors of
either tryptophan or tyrosine residues (Pace and Scholtz 1997). No
differences, except in the spectra intensity, were observed either in
the band shape or maximum wavelength, and then excitation at
280 nm was used for all of the experiments. The slit width was
typically equal to 4 nm for the excitation light and 8 nm for the
emission light. The fluorescence experiments were recorded be-
tween 300 and 400 nm. The signal was acquired for 1 sec, and the
wavelength increment was 1 nm. Blank corrections were made in
all spectra. The salts and acids used in buffer preparation were: pH
2.0-3.0, phosphoric acid; pH 3.0-4.0, formic acid; pH 4.0-5.5,
acetic acid; pH 6.0-7.0, NaH,PO,; pH 7.5-9.0, Tris acid; pH
9.5-11.0, Na,COg; pH 11.5-13.0, Na;PO,. The pH was measured
with an ultrathin Aldrich electrode in a Radiometer (Copenhagen)
pH-meter.

Fluorescence experiments with GS were carried out using the
same parameters as those described for IF7 experiments. Here, the
range of concentrations used was 5-20 uM of protomer.

Fluorescence quenching experiments

Quenching of intrinsic tryptophan and tyrosine fluorescence by
iodide (Lakowicz 1999) was examined at different solution con-
ditions. Excitation was at 280 nm; emission was measured from
300 to 400 nm. In the absence of GdmCI, ionic strength was kept
constant by addition of KCI; also, Na,S,0; was added to a final
concentration of 0.1 M to avoid formation of I;~. The slit width
was set at 8 nm for both excitation and emission. The data were
fitted to the following equation (Lakowicz 1999),

FO/F: 1 +K§V[X] (1)

where K, is the Stern-Volmer constant for collisional quenching,
F, is the fluorescence in the absence of KI, and F is the measured
fluorescence at any KI concentration. The range of KI concentra-
tions explored was 0-0.7 M. Experiments were carried out at pH
6.5, 10 mM phosphate buffer at 298 K.

ANS binding

ANS binding was detected by collecting fluorescence spectra at
pH 6.5, 10 mM phosphate buffer at 298 K. Excitation wavelength
was 380 nm, and emission was measured from 400 to 600 nm. Slit
widths were 4 nm for excitation, and 8 nm for emission. Stock
solutions of ANS were prepared in water and diluted into the
samples to yield a final 50 uM dye concentration. Dye concentra-
tions were determined using an extinction coefficient of 8000 M~
cm~! at 372 nm. In all cases, blank solutions were subtracted from
the corresponding spectra.

Binding experiments

Increasing amounts of IF7, in the range 0.5-4 wM, were added
to a solution of a fixed concentration of GS (1.5 uM of protomer)
in 10 mM phosphate buffer, pH 6.5, and the fluorescence was
measured after a 2-h incubation at 298 K. Experiments were car-
ried out in a Varian Cary Eclipse spectrofluorimeter with excita-
tion at 280 nm, and emission fluorescence was collected between
300-400 nm. The excitation and emission slits were 5 nm, and the
data pitch interval was 1 nm. The fluorescence values of a blank
solution containing only IF7 were subtracted for each point. The



Structure of the inactivating GS factor, IF7

fluorescence of IF7 changed linearly in the explored concentration
range. The dissociation constant of the complex was calculated by
fitting the plot of the observed fluorescence change of GS versus
added IF7 to the following equation,

F F AF, Lid 2
= =+ —_—

meas n max [IF7] + KD ( )

where F,,., is the measured fluorescence after subtraction of the

blank, AF, . is the change in the fluorescence measured when all

of IF7 is forming the complex, F is the fluorescence intensity when
no IF7 has been added, n is the number of identical noninteracting
binding sites for IF7, and K, is the dissociation constant. The
dissociation constant was determined by following the fluores-
cence at 315 nm, but it could also be obtained by following the
change at other wavelengths (data not shown). At all concentra-
tions used, the absorbance of IF7 was kept lower than 0.2 units to
avoid inner filter effects, during fluorescence excitation (Birdsall
et al. 1983).

The presence of aggregated forms at any IF7 concentrations
during the titration was followed by absorbance experiments col-
lected in the 400-600-nm range. If aggregated forms occur, light
scattering would occur and a broad intense band should appear.
Absorbance experiments were carried out in a Shidmadzu UV-1601
ultraviolet spectrophotometer, using a 1-cm-path-length cell
(Hellma).

Because the [/F7] used in the simplified Equation 2 is in terms
of concentration of the free IF7, we also used the complete equa-
tion, which gives the fluorescence as a function of the total (i.e.,
the GS-bound and free IF7) concentration of IF7 as

N | F7) 1
Fncas = F+ alFoa| \ 1+ 1o * 16510k,

\/( [IF7] | )2 [IF7]]
- Y iesh T iesnk,) ~*icsh 3)

where [I/F7] and [GS] represent here the total concentrations of IF7
and GS, respectively, and « is a constant. Fit of the experimental
data to this equation yielded larger associated errors for the n, K,
and AF, . compared to Equation 2, but the fitted values were
similar to those obtained with Equation 2.

We did not measure the binding constant by CD titration ex-

periments because of the large amounts of protein required.

Circular dichroism measurements

Circular dichroism spectra of IF7 were collected on a Jasco J810
spectropolarimeter fitted with a thermostated cell holder and in-
terfaced with a Neslab RTE-111 water bath. The instrument was
periodically calibrated with (+) 10-camphorsulphonic acid.

Steady-state measurements

Isothermal wavelength spectra at different pHs were acquired at
a scan speed of 50 nm/min with a response time of 2 sec and
averaged over four scans at 298 K. Far-UV measurements were
performed using 2040 wM of protein in 10 mM buffer, using 0.1-
or 0.2-cm-pathlength quartz cells (Hellma). Near-UV spectra were
acquired using 3040 wM of protein in a 0.5-cm-pathlength cell.
All spectra were corrected by subtracting the proper baseline. The
mean residue ellipticity, [@], was calculated according to

[0]= (10IeN) 4)

where O is the measured ellipticity, / is the pathlength cell, ¢ is the
protein concentration, and N is the number of amino acids. The
helical content of IF7 at any pH was approximated from its mean
residue ellipticity at 222 nm (Zurdo et al. 1997),

k
Jn [®]222/[®];22< 1- ;) 5

where f;, is the helical fraction of the protein, [®,,,] is the observed
mean residue ellipticity, [®3,,] is the mean ellipticity for an infi-
nite a-helix at 222 nm (=34,500 deg cm? dmole™), k is a wave-
length-dependent constant (2.57 at 222 nm), and » is the number of
peptide bonds (64 for IF7).

For the near-UV CD experiments, the pathlength cell was 0.5
cm, with a protein concentration of 40-50 wM.

CD experiments with GS were carried out using the same pa-
rameter set described in the IF7 experiments. The range of con-
centrations used was 5-50 wM of protomer.

Thermal denaturation

Thermal denaturation experiments with IF7 were performed at
constant heating rates of 60 K/h and a response time of 8 sec.
Thermal scans were collected in the far-UV region by following
the ellipticity at 222 nm from 298 K (or 278 K) to 363 K (or 368
K) in 0.1-cm-pathlength quartz cells (Hellma) with a total protein
concentration of 20-40 wM. The reversibility of thermal transi-
tions was tested by recording a new scan after cooling down to 278
K the thermally denatured samples, and comparing it with the
spectra obtained in the first scan. In all cases, both spectra were
identical (data not shown). The possibility of drifting of the CD
spectropolarimeter was tested by running two samples containing
only buffer, before and after the thermal experiments. No differ-
ence was observed between the scans. Every thermal denaturation
experiment was repeated at least twice with fresh new samples. In
all cases, after the reheating experiment, the samples were trans-
parent and no precipitation was observed.

Chemical- and pH-denaturation experiments

In the GdmCl-denaturation experiments with IF7, far-UV CD
spectra were acquired at a scan speed of 50 nm/min, and four scans
were recorded and averaged at 298 K. The response time was 2
sec. The cell pathlength was 0.1 cm, with a protein concentration
of 20—40 puM in the far-UV CD experiments. Spectra were cor-
rected by subtracting the baseline in all cases. The chemical de-
naturation reaction is fully reversible, as demonstrated by the sig-
moidal curves obtained by starting from diluted 7 M GdmCl
samples at different pHs (data not shown). Every chemical dena-
turation experiment was repeated at least three times with fresh
new samples.

In the pH-induced unfolding experiments with IF7, the pH was
measured after completion of the experiments, and essentially no
differences were observed with those pHs calculated from the
buffer stock solutions. The pH range explored was 3-12. The
proper blank solutions were subtracted in all cases. Buffer con-
centration was 10 mM in all cases, and the buffers were the same
as those used in fluorescence measurements.

Analysis of the pH denaturation curves

The pH-denaturation experiments were analyzed assuming that
both species, protonated and deprotonated, contribute to the CD
spectrum at 222 nm,
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(Xa +Xb lo(PH*PKa))

X= 1+ lo(PH—PKu)) ©)

where X is the ellipticity, X, is the ellipticity at low pHs (acid
form), X, is the ellipticity at high pHs (basic form), and pK, is the
apparent pK of the titrating group. The apparent pK, reported was
obtained from three different measurements, carried out with fresh
new samples.

Fitting by nonlinear least-squares analysis to Equations 2, 3, and
6 was carried out by using the general curve fit option of Kalei-
dagraph (Abelbeck software) on a personal computer.

Fourier transform infrared spectroscopy

The protein was lyophilized and dissolved in deuterated buffer Tris
10 mM and 0.1 M NaCl (pH 6.5). No pH corrections were done for
the isotope effects. Samples of IF7 at a final concentration of 10
mg/mL were placed between a pair of CaF, windows separated by
a 50-pm-thick spacer in a Harrick demountable cell. Spectra were
acquired on a Nicolet 520 instrument equipped with a deuterated
triglycine sulphate detector and thermostated with a Braun water
bath at 283 K. The cell container was continuously filled with dry
air.

Steady-state measurements

Here, 600 scans per sample were taken, averaged, apodized with
a Happ-Genzel function, and Fourier transformed to give a final
resolution of 2 cm™'. The signal/noise ratio of the spectra was
better than 1000:1. Buffer contributions were subtracted, and the
resulting spectra were used for analysis after smoothing. The spec-
tra smoothing was carried out applying the maximum entropy
method (Echabe et al. 1997). In order to quantify the different
secondary structure components, the amide I band was decom-
posed into its constituents by curve-fitting (based on a combination
of Gaussian and Lorentzian functions), using the number and po-
sition of bands obtained from the deconvolved (using a Lorentzian
bandwidth of 18 cm™" and a resolution enhancement factor of 2)
and the Fourier derivative (using a power of 3 and a breakpoint of
0.3) spectra (Moffat and Mantsch 1992; Jackson and Mantsch
1995; Arrondo and Goii 1999).

Thermal denaturation measurements

Thermal denaturation experiments followed by FTIR were car-
ried out with a scanning rate of 50 K/h, and acquired every 3 K.
Fifty scans per temperature were averaged. The heating experi-
ments were not reversible under these conditions.

Nuclear magnetic resonance spectroscopy

'"H NMR experiments were carried out in a Bruker AMX-600
spectrometer at 298 K and 278 K with 32,000 data points and using
presaturation to eliminate the water signal. Typically, 1024 scans
were acquired, and the spectral width was 6000 Hz in all cases.
Exchange samples were prepared by dissolving a lyophilized ali-
quot in 500 pL of precooled exchange buffer (10 mM, phosphate
buffer, pH 6.5). To discard any artifact caused by unfolded protein
from freeze-drying, the sample in water was diluted 10 times in
deuterated water, and the spectrum was compared with that from
the concentrated solution obtained from lyophilization. Both spec-
tra were identical (data not shown). In addition, the spectra at the
two temperatures used were identical. Spectra were acquired at
different concentrations ranging from 0.1 to 1.5 mM at 298 K. No
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changes in chemical shifts or line broadening were observed in any
case. The spectra were processed using BRUKER-UXNMR soft-
ware working on an SGI work station. An exponential window
function and polynomial baseline corrections were applied. The
final one-dimensional data contained 64,000 data points. 'H
chemical shifts were quoted relative to external TSP.

Gel filtration chromatography

Analytical gel filtration experiments were carried out by using an
analytical gel filtration Superdex 75 HR 16/60 column (Amersham
Biosciences) running on an AKTA FPLC system at 298 K. Flow
rates of 1 mL/min were used, and aliquots of 100 nL were loaded
into the column after equilibration. The column was equilibrated
with four column volumes of elution buffer. The elution buffers for
the pH experiments were those described above, containing 150
mM NaCl added to avoid nonspecific interactions with the column.
To check for the presence of aggregated species at any pH, protein
concentrations ranging from 20-60 wM were used. No differences
in the elution volumes were observed among the different concen-
trations used. The column was calibrated using the gel filtration
low-molecular-weight calibration kit (Amersham Biosciences).
The standards used and their corresponding Stokes radii were:
ribonuclease A (16.4 A), chymotrypsinogen (20.9 A), ovoalbumin
(30.5 A), and bovine serum albumin (35.5 A; Hinkle et al. 1999).
Each experiment at the different pHs was repeated three times with
fresh new samples. Protein elution was monitored by following
absorbance at 280 nm.

The elution of a macromolecule in gel filtration experiments is
usually given by the partition coefficient, which is defined as the
fraction of solvent volume within the gel matrix accessible to the
macromolecule (Ackers 1967). The weight average partition co-
efficients (o) of protein standards and IF7 were calculated by

(Ve B Vo)
:T

i

(7

(o2

where V, is the elution volume of the protein, and V, and V, are the
void and internal volumes of the column, with values of
8.13 +0.06 mL and 28.43 + 0.03 mL, respectively. The V_ and V;
volumes were respectively determined using Blue dextran (5 mg/
mL, in 10 mM phosphate buffer containing 150 mM NaCl) and
L-tryptophan (0.5 mg/mL, in the above buffer) by averaging four
measurements for each agent.

The partition coefficients were determined for the molecular
size standards, and they were transformed by using the inverse
error function complement of o, (erfc™'[o]), yielding a linear re-
lationship with the molecular Stokes radius, R, (Ackers 1967; Dar-
lin et al. 2000)

R, =a+ b(erfc” (o) ( 8

where a and b are the calibration constants for the column. The
error function complement is, by the mathematical definition
(Spiegel 1985)

2 u 2
o=1-—[" e ux ©)
Vo

and the function under the integral is the gaussian function of
probability (the error function). The value of this integral under a
specified area (the upper limit of the integral given by u) is found
in probability tables of mathematical handbooks (Spiegel 1985).
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Then, once the partition coefficient is calculated from the experi-
mental values, the difference 1 — o must be calculated. The result
of this difference is the area under the function of probability (i.e.,
the value of

2 u 2
— f e dx)
Vo
and it must be looked for in the table containing the values of such
function. The value of the upper limit of the integral (and thus the
value of the inverse complementary error function) is obtained by
looking at the corresponding line and column of such table.

Fitting of the calculated erfc™' (o) to Equation 8 by linear least-
squares analysis was carried out on Kaleidagraph (Abelbeck soft-
ware) on a PC. Once the calibration parameters are obtained, the
Stokes radius of any macromolecule can be determined by using
Equation 8.

The frictional coefficient of a solvated molecule, f/f;,, can be
obtained as follows. According to the Stokes law for a solvated
molecule, the translational friction coefficient, f, is given by

f=6TmR; (10)

where m is the solvent viscosity. The f for an ideal unsolvated
spherical molecule, f,, with the same mass and partial specific
volume, is given by

Jo=6mmr, an

where r, is the radius of the spherical anhydrous macromolecule;
then fif, = R/r,. For a protein, r, can be calculated ab initio
considering that the anhydrous molecular volume (MV/N) equals
the volume of a sphere (Creighton 1993)

3M\7>
(12)

3 . . 3
wr,, which yields, r, = < AN
where M is the molecular weight of the protein, V is the partial
specific volume of the protein, and N is the Avogadro’s number.

If it is assumed that all deviations from unity in the frictional
coefficient are because of the hydration effects (either because of
an elongated shape or to open, solvent-exposed conformation), an
upper limit, w,,,,,, for the hydration in grams of water bound per
gram of protein is given by (Darlin et al. 2000)

V [/(f\?
Wmax - ‘_/waterli (f_0> N 1] (13)

where V, is the partial specific volume of water (1 cm’/g).

water
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