BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

The Inactivating Factor of Glutamine Synthetase IF17 Is an
Intrinsically Disordered Protein, Which Folds upon Binding to Its
Target

Lorena Saelices,T’J‘ Carla V. Galmozzi,T Francisco J. Florencio,” M. Isabel Muro-Pastor,
and José L. Neira®*5+

*)T

"Instituto de Bioquimica Vegetal y Fotosintesis, CSIC-Universidad de Sevilla, Seville, Spain
“Instituto de Biologia Molecular y Celular, Universidad Miguel Hernidndez, Elche (Alicante), Spain

Snstituto de Biocomputacién y Fisica de Sistemas Complejos, Zaragoza, Spain

© Supporting Information

ABSTRACT: In cyanobacteria, ammonium is incorporated into carbon

skeletons by the sequential action of glutamine synthetase and glutamate -

synthase (GOGAT). The activity of Synechocystis sp. PCC 6803 glutamine %0'8 I ]
synthetase type I (GS) is controlled by a post-transcriptional process involving g8 e
protein—protein interactions with two inactivating factors: the 65-residue-long 06 - ST\ 1
protein (IF7) and the 149-residue-long one (IF17). The sequence of the C g | I~ " 1
terminus of IF17 is similar to IF7; IF7 is an intrinsically disordered protein § %% *\J/\;g\ /\\’A/ LR
(IDP). In this work, we study the structural propensities and affinity for GS of * & L e
IF17 and a chimera protein, IF17N/IF7 (constructed by fusing the first 82 S 02p G A ¢
residues of IF17 with the whole IF7) by fluorescence, CD, and NMR. IF17 and

IF17N/IF7 are IDPs with residual non-hydrogen-bonded structure, probably ok 50 100 150

formed by oa-helical, turn-like, and PPII conformations; several theoretical
predictions support these experimental findings. IF17 seems to fold upon
binding to GS, as suggested by CD thermal denaturations and steady-state far-UV spectra. The apparent affinity of IF17 for GS,
as measured by fluorescence, is slightly smaller (Kp ~1 M) than that measured for IF7 (~0.3 4uM). The Kps determined by CD
are similar to those measured by fluorescence, but slightly larger, suggesting possible conformational rearrangements in the IFs
and/or GS upon binding. Further, the results with IFN17/IF7 suggest that (i) binding of IF17 to the GS is modulated not only
by its C-terminal region but also by its N-terminus and (ii) there are weakly structured (that is, “fuzzy”) complexes in the ternary
GS—IF system.

Residue number

However, there is a post-translational regulation mechanism
involving protein—protein interactions:>~’ a 65-residue-long

A- mmonium assimilation is the process by which this

itrogen form is incorporated into carbon skeletons.

This process takes place in the majority of microorganisms
by the sequential action of glutamine synthetase and glutamate
synthase (GOGAT). Glutamine synthetase catalyzes the ATP-
dependent amidation of glutamic acid to yield glutamine.
GOGAT is able to transfer the amide group from glutamine to
2-oxoglutarate, yielding two molecules of glutamic acid. This
protein network (the so-called GS-GOGAT cycle) is therefore
the connecting step between carbon and nitrogen metabolism.
In fact, activity and synthesis of glutamine synthetase are
exquisitely tuned by those sources: in the presence of high
levels of carbon metabolites, nitrogen deficiency leads to high
levels of glutamine synthetase activity, and conversely, when
nitrogen is abundant, glutamine synthetase activity is down-
regulated."

In cyanobacteria, GS type 1 (GS) is modulated at the
transcriptional and post-transcriptional levels, according to the
nitrogen and carbon supplies.® The classical feedback
inhibition, or covalent modification by adenylylation of GS
observed in other bacteria,* does not occur in cyanobacteria.
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protein named IF7 and a 149-residue-long one named IF17.
Analysis of mutant strains devoid of IF7, IF17, or both have
shown that each of these proteins contributes to GS
inactivation in vivo; interestingly enough, a maximal level of
inactivation has been observed when both proteins are present.”
In the presence of ammonium, IF7 and IF17 are expressed and
GS is inactivated; on the other hand, removal of ammonium
leads to a degradation of IF7 and IF17.% Moreover,
recombinant IF7 and IF17 inactivate GS in vitro, indicating
that both factors can interact with GS without additional
modifications.” In addition, the expression of both proteins is
modulated by NtcA, the main factor responsible for nitrogen
control in cyanobacteria.>*"°

ORFs homologous to the IF7 and IF17 encoding genes can
be identified in several cyanobacterial genomes (ref 3 and
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references therein); in fact, sequence comparison suggests two
groups of IFs: those similar to IF7 and those to IF17 from
Synechocystis. Most cyanobacterial strains have IF7-like
inactivating factors (65—68 amino acids), whereas Thermosy-
nechococcus elongatus harbors IF17-like inactivating factors.
There is a large sequence similarity between the C terminus of
IF17 and the full IF7 of Synechocystis, which suggests that both
polypeptide regions may be involved in the interaction with GS,
and they are therefore responsible for the inactivating activity.”
Furthermore, IF7 and IF17 from Synechocystis have different
proteolytic stabilities in vivo,® and it has been suggested that the
N-terminal region of IF17 could be responsible for the different
stabilities.® In fact, a chimera construction of the first 82
residues of IF17 from Synechocystis and the IF7 from Anabaena
sp. PCC7120 (IF7A) showed a larger stability than the wild-
type IF7A but less inactivation of GS than IF7A, probably
pinpointing the specificity of the IF—GS inactivation.”

We have shown that IF7 from Synechocystis is an IDP.'" In
this work, we report the structural preferences and conforma-
tional stability of IF17 from Synechocystics sp. PCC 6803.
Furthermore, to address the importance of the N-terminus of
IF17 in GS binding, we used a chimera protein (IF17N/IF7)
formed by the first 82 residues of the IF17 fused to IF7. We
studied the affinity of IF17 for GS, in the absence and in the
presence of IF7, and the interaction of GS with IF17N/IF7.
Our results show that both IF17 or IF17N/IF7 are IDPs, and
thus, the 82-residue-long N-terminus of IF17 does not help to
stabilize any structure in IF7, and it does not increase the
conformational stability of IF17. Furthermore, the GS affinity
of IF17, as determined by fluorescence, is slightly smaller than
that of isolated IF7."" The Kps determined by CD are similar to
those measured by fluorescence, but slightly larger, suggesting
conformational rearrangements in the IFs and/or GS upon
binding. Finally, the results with the chimera protein suggest
the presence of weakly structured complexes in the GS—IF
system.

B EXPERIMENTAL PROCEDURES

Materials. Deuterium oxide was obtained from Apollo
Scientific (Stockport, UK), and sodium trimethylsilyl-
[2,2,3,3-*H,]propionate, TSP, was from Sigma (St. Louis,
MO). Ultrapure GdmCl and urea were from MP Biomedicals
(Solon, OH). Dialysis tubing, with a molecular weight cutoff of
3500 Da, was from Spectrapor (Spectrum Laboratories, Japan).
Amicon centrifugal devices with a molecular weight cutoff of
3500 Da were from Millipore (Millipore, Spain). Standard
suppliers were used for all other chemicals. Water was
deionized and purified on a Millipore system.

Protein Expression and Purification. The recombinant
GS, IF17, and IF7 proteins were expressed and purified as
described.>” The IF17N/IF7 protein was designed in a manner
similar to that described for the chimera containing the N-
terminal region of IF17 from Synechocystis fused to IF7A;”
purification of IF17N/IF7 was similar to the protocol used for
IF17.” Protein stocks were run in SDS-PAGE gels and found to
be >97% pure. Protein concentrations were determined from
the absorbance of individual amino acids."

Fluorescence. Spectra were collected on a Cary Eclipse
spectrofluorometer (Varian, Palo Alto, CA) interfaced with a
Peltier system. A 1 cm-path-length quartz cell (Hellma) was
used. Experiments were carried out at 25 °C in phosphate
buffer at pH 7.0 (10 mM).
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a. Steady State Fluorescence Measurements. Spectra of
isolated IF17 and IF17N/IF7 were acquired by excitation at
280 or 295 nm; the emission was collected between 300 and
400 nm. The excitation and emission slits were set to S nm, and
the response was 1 nm.

Binding experiments of the IFs to GS were carried out as
described."" Briefly, increasing amounts of the corresponding
IF, in the range 0.25—4 uM, were added to a solution
containing 1.5 M (in protomer units) of GS, in 10 mM
phosphate buffer (pH 7.0); the fluorescence was measured at
25 °C after preparing the samples. The apparent dissociation
constants of the GS-IF complexes, Kp,, were calculated by fitting
the fluorescence changes in intensity, or in the average energy
((A))," versus the concentration of added protein to

E

meas

= F + AE,_ (([protein] + [GS] + Kp)
— {([protein] + [GS] + KD)2 - 4[GS][protein])}1/2

(1)

where [protein] is the concentration of added protein (IF7,
IF17, or IF17N/IF7), [GS] is the concentration of GS (in
protomer units), F,..,; is the measured fluorescence parameter
at each concentration of added IF, AF,,,, is half of the change in
that parameter, when all GS is forming the complex, and F is
the fluorescence parameter of the mixture of the complex
formed by GS and an IF at the beginning of the titration (see
below). Every titration experiment was repeated twice with new
samples. It is interesting to note here that the use of [IF17] or
[IF7] 3—4-fold or more than the [GS] yielded sample
precipitation in the binding experiments. These results agree
with functional assays, since it has been shown that the
complete inactivation of GS occurs at concentrations of IFs 4
times larger than the [GS].® Fitting to eq 1 was carried out with
Kaleidagraph (Abelbeck software).

The following titrations were carried out: (i) measurement of
the apparent Kp, of GS-IF17 complex; (ii) measurement of the
apparent Ky of IF17 for GS in the presence of 3.0 yuM IF7
(where all the IF7 binding sites of GS are saturated''); (iii)
measurement of the apparent Ky, of IF7 for GS in the presence
of 3.0 uM of IF17 (where all the IF17 binding sites of GS are
saturated, see Results); and (iv) measurement of the apparent
Kp of IF17N/IF7 for GS. The first two experiments were
acquired by excitation at 295 nm, since IF17 has no
tryptophans; the last two assays were carried out by excitation
at 280 and 295 nm, and the corresponding contributions of the
IFs to the reaction mixture were subtracted. As a control
experiment, we also carried out a titration of IF7, similar to that
described in ref 11.

b. Thermal Denaturations. Spectra were acquired by
excitation at 280 or 295 nm; the emission fluorescence was
collected at 315, 335, and 350 nm. The excitation and emission
slits were set to S nm; the response was 1 nm, and the scan rate
was 60 °C/h, with an average data point of 1 s. The
experiments were repeated twice with new samples. All the
thermal denaturations involving the GS or GS—IFs complexes
were irreversible. The thermal denaturation midpoints (T,s) of
the sigmoidal curves were obtained by using Kaleidagraph
(Abelbeck software) as described (Table 1)."

Circular Dichroism. Spectra were collected on a Jasco
J810 (Japan) spectropolarimeter connected to a Peltier unit.
The instrument was periodically calibrated with (+)-10-
camphorsulfonic acid. Spectra were acquired at 25 °C in
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Table 1. T,s (in °C) for the Protein GS and Its Complexes
with the IFs”

protein/complex CD fluorescence
GS 662 + 0.2 672 £ 0.5
GS (pH 8.5) 614 £ 0.5 b
GS + IF7 68.9 + 0.1 68.60 + 0.08
GS + IF17 44.4 + 0.2 (1st transition) 723 £ 0.5
70.3 + 0.8 (2nd
transition)
GS + IF17 (pH 8.5) 682 + 03 b
GS+ IF7 + IF17 44.7 + 0.8 (1st transition) 733 + 0.5
713 + 0.6 (2nd
transition)
GS + IF17N/IF7 43.3 & 0.9 (1st transition) 68.6 + 0.8

68.2 + 0.8 (2nd
transition)
“The errors are the standard deviations from three measurements with
new samples. All the measurements were carried out at pH 7.0 (10
mM phosphate buffer), unless otherwise stated. GS concentration, in
the CD and fluorescence measurements, was 1.5 yM (in protomer
units), and the concentration of IFs were typically 3 uM; the samples
were prepared fresh. The T,s were obtained as described."® All the
thermal denaturations were irreversible. “Not determined.

phosphate buffer at pH 7.0 (10 mM). Appropriate blank
solutions were subtracted.

a. Steady State Measurements. Spectra of IF17, IF7,
IF17N/IF7, and GS in the far-UV CD were acquired with a
response time of 2 s, and averaged over 4 scans, with a scan
speed of 50 nm/min. The step resolution was 0.2 nm, and the
bandwidth was 1 nm. Molar ellipticity was obtained as
described."" The GS concentration was 1.5 uM of protomer,
and that of the IFs was 3 yM in the experiments aimed to
detect complex formation. The path length cell was 0.1 cm.
Every experiment was repeated three times with new samples.

The path length was 0.5 cm in the near-UV CD experiments
aimed to characterize IF17 and IF17N/IF7, with a protein
concentration of 60—70 uM. Experiments were averaged over 6
scans, with a response time of 8 s and a bandwidth of 1 nm.
Every experiment was repeated three times with new samples.

For the experiments at different pHs of IF17, 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; and pH 9.5-11.0,
Na,CO;. The pH was measured with an ultrathin Aldrich
electrode in a Radiometer (Copenhagen) pH-meter. The
samples were prepared the day before and left overnight at 25
°C to equilibrate. The pH was measured after completion of
the experiments, and essentially no differences were observed
with those pHs calculated from the buffer stocks. Final buffer
concentration was 10 mM in all cases. The pH titration was
repeated twice with new samples.

In the GdmCI denaturations, far-UV CD spectra of either
IF17 or IF17N/IF7 were acquired at a scan speed of 50 nm/
min, and four scans were recorded and averaged at 25 °C. The
response time was 2 s. The cell path length was 0.1 cm, with a
protein concentration of 10 pM. Spectra were corrected by
subtracting the corresponding baseline. The chemical denatura-
tions were fully reversible, and they were repeated three times
with new samples.

We also carried out binding titrations of GS with both IFs by
using the same experimental setup described above. To allow
for a comparison with the fluorescence results, we took
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advantage of the fact that GS is a homoligomeric protein, and
then concentrations as low as 1.5 uM of GS were used in the
CD binding titrations. After careful observation of the spectra at
the different IF concentrations used, the best wavelengths to
monitor the changes upon GS binding were chosen between
222 and 210 nm. The following titrations were carried out: (i)
measurement of the apparent K of GS-IF17 complex; (ii)
measurement of the apparent K, of GS-IF7 complex; (iii)
measurement of the apparent Kp of IF17 for GS in the
presence of 3.0 uM IF7 (where all the IF7-binding sites of GS
are saturated''); and (iv) measurement of the apparent Kp, of
IF7 for GS in the presence of 3.0 uM IF17 (where all the IF17-
binding sites of GS are saturated, see below). In all cases,
appropriate blank corrections (IF7 or IF17) were subtracted
from the spectra of the resulting complex at the different IF
concentrations; the blank solutions contained the buffer and
the corresponding amount of the IF protein, but they did not
contain GS. This subtraction of spectra make that the
experimental points (the value of the ellipticity at different
wavelengths) be more scattered than in the fluorescence
measurements (Figure 3 of Supporting Information). The
binding CD curves were fitted to eq 1 by using Kaleidagraph
(Abelbeck software).

In the four CD titrations, the measured apparent constants
were close to those determined by fluorescence (Table 2), and
then, we did not carry out additional titration experiments with
the chimera protein, due to the large amounts of IF17N/IF7
being used (in the samples for complex formation and in the
corresponding blanks).

b. Thermal Denaturations. Thermal denaturations were
carried out by following the changes at 222 nm, at 60 °C/h,
with a response time of 8 s. All the denaturations involving GS
were irreversible. The denaturations of isolated IF17 and
IF17N/IF7 were reversible: samples were transparent, and no
precipitation was observed after the reheating; furthermore, the
steady-state spectra for each protein after heating and cooling at
25 °C were identical to those obtained before heating. In
addition, the monitored voltages of the photomultiplier during
the thermal scans did not show any sigmodial behaviors, but
rather they increased linearly as the temperature was raised; this
trend in the voltage of the lamp is an indication of reversibility
during the thermal denaturations."* Finally, we also carried out
a thermal forward—backward scan with an IF17 sample, and the
two curves were superimposable (data not shown), suggesting
lack of hysteresis behavior. The possibility of drifting of the CD
spectropolarimeter was tested by running two samples
containing only buffer, before and after the thermal experi-
ments. No difference was observed between the scans. The
experiments were repeated twice with new samples. Fittings of
the sigmoidal curves were carried out as described"® by using
Kaleidagraph (Abelbeck software).

We also carried out thermal denaturation experiments at
growing concentrations of IF17, with a constant concentration
of GS (1.5 uM), trying to determine the origin of the low
thermal transition observed in GS in the presence of IF17 (see
below). In addition, several thermal scans were acquired up to a
temperature of 57 °C (larger than the T,, of the first transition
observed in samples containing IF17, see Figure 3B of
Supporting Information), and then, the samples were cooled
and rescanned to see if the first thermal transition was
observed. In all cases, the first transition was not observed in
the reheating scan.
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Table 2. Apparent Kps for GS—IFs Complexes®

Ky (uM) Kp (uM) stoichiometry ([IFs]/[GS])”
complex (CD) (fluorescence) fluorescence)
GS + IF7° 43 + 2.7 0.35 + 0.09 0.5+02
GS + IF17 22+ 1.5 1.3 + 0.6 0.5 +£0.3
(GS +IF7)  32+18 03+ 0.1 1+ 04
+ IF177
(GS+ IF17) 1.8 + 0.9 0.8 +03 1+02
+ IF7°¢
GS + g 08 + 0.5 1+05
IF17N/
IF7

“The errors in the fluorescence measurements are the standard
deviations from three determinations at different wavelengths (315,
335, and 350 nm), unless it is stated. All the measurements were
carried out at pH 7.0 (10 mM phosphate buffer), at 25 °C. GS protein
concentration was 1.5 uM of protomer, either in the CD or
fluorescence experiments. Because of the almost lack of IF7 signal in
the far-UV CD at the concentrations used, the blank spectra had a
larger signal-to-noise ratio than those obtained when IF17 was varied,
and then the resulting curves had a poorer fitting. YErrors in the
stoichiometry, as obtained by fluorescence, were determined from the
error propagation.”® A plot of the difference between the measured
fluorescence of the complex, and that expected from the contribution
of the individual GS and IF proteins, versus the ratio [titrating IF
protein]/[GS protomer] provides two straight lines whose inter-
section, in the x-axis coordinate, gives the complex stoichiometry. The
errors in the intersection of the two straight lines were determined
from the errors in their slopes and in their y-axis intercepts. The
stoichiometry was not determined from CD measurements due to the
large error in the slopes and y-axis intercepts of the straight lines. “The
Ky, from fluorescence is similar to that previously reported,"" and the
stoichiometry is determined from the values obtained in the
fluorescence titration in this work. The value of the apparent K, by
CD was determined from data in this work. “The IF17 concentration
was varied during the titration (either followed by CD or
fluorescence). The concentration of IF7 in the mixture was kept
constant and equal to 3 gM. “The IF7 concentration was varied during
the titration (either followed by CD or fluorescence). The
concentration of IF17 in the mixture was kept constant and equal to
3 uM. The reported Kp, is the mean value of the measurements from
the average energies' at 280 and 295 nm. The error is the standard
deviation of the fitting of the (A) at the two wavelengths. The use of
the fluorescence intensities at several wavelengths in this titration led
to unreliable values. *Not determined.

NMR Spectroscopy. The NMR experiments were ac-
quired at 25 °C on a Bruker Avance DRX-500 spectrometer
(Bruker GmbH, Germany), equipped with a triple resonance
probe and z-pulse field gradients. Processing of spectra was
carried out with the XWINNMR software. All experiments
were carried out at pH 7.0, 10 mM phosphate buffer, and with a
protein concentration of 100 yM. Samples were concentrated
by using Amicon centrifugal devices.

a. 1D NMR Experiments. TSP was used as the external
chemical shift reference in the 1D NMR spectra. Water was
suppressed with the WATERGATE sequence.” Usually, 512
scans were acquired with a spectral width of 12 ppm, with 16K
data points in the time domain. The data matrix was zero-filled
to 32K during processing. Experiments were carried out at pH
S9.

Exchange experiments were carried out by dissolving in D,0,
at pH 5.9 (no corrected by isotope effects), a lyophilized IF17
sample to yield a final concentration of 80 M. The sample was
centrifuged in a cold room to remove any insoluble material,
transferred to the NMR tube and then to the magnet (the
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whole process took approximately S—10 min). Experiments
were acquired at 20 °C.

b. Translational Diffusion NMR Experiments (DOSY).
Translational self-diffusion measurements were performed with
the pulsed-gradient spin—echo sequence. The following
relationship exists between the translational self-diffusion
constant, D, and the delays during acquisition:"> I/I,
—exp[Dy 262G*(A — §/3 — 7/2)], where I is the measured
peak intensity of a particular (or a group of) resonance(s) at
any gradient strength, I; is the maximum peak intensity of the
same resonance(s) at the smallest gradient strength (that is, at
2% of the total power of the gradient coil), D is the
translational self-diffusion constant (in cm? s7'), § is the
duration (in s) of the gradient, G is the gradient strength (in T
em™'), A is the time (in s) between the gradients, yy is the
gyromagnetic constant of the proton, and 7 is the recovery
delay between the bipolar gradients (100 us in our experi-
ments). The gradient strength (G) was varied in 16 lineal steps
between 2 and 95% of the total power of the gradient coil of
the probe. Data are plotted as I/I, versus G?, and the
exponential factor of the resulting curve is Dy ;*6*(A — 5/3 —
7/2), from where D can be easily obtained. The duration of the
gradient (8) was varied between 1.8 and 2.5 ms, and the time
between both gradients (A) was changed from 100 to 150 ms.
The methyl groups between 0.8 and 1 ppm were used for
integration. The gradient strength was calibrated by using the
value of D for the residual proton water line in a sample
containing 100% D,O in a 5 mm tube."”® The hydrodynamic
radius, R, was obtained by assuming that the R of dioxane is
2.12 A'® The DOSY experiment was repeated twice.

Bioinformatic Analysis of Amino Acid Sequences of
IF17 and IF17N/IF7. The sequences of IF17 and IF17N/IF7
were submitted to the PONDR server, and analyses were
performed using the neural network predictor VL-XT and
CDF'7"® (access to PONDR was provided by Molecular
Kinetics). We also used the IUPRED,'”?° RONN,*! and
Foldindex.”> The ANCHOR server was used to predict the
putative binding sites of IF7, IF17, and IF17N/ IF7.232*

B RESULTS

The IF17 Protein Is Disordered in Solution. To
characterize the structure, stability, and conformational
propensities of IF17 in aqueous solution, we combined
experimental and theoretical approaches.

a. Spectroscopic Characterization and Conformational
Stability. Within the experimental approach, we used
fluorescence, CD, and NMR spectroscopies.

Fluorescence. We have used fluorescence spectroscopy to
map any change in the tertiary structure of the protein.*® Since
IF17 has no tryptophan residues, and it contains eight
tyrosines, the fluorescence spectrum had a maximum wave-
length at 306 nm, which was unaltered at the pHs explored.
The thermal denaturations of IF17 showed a linear decrease in
the fluorescence emission as the temperature was increased
(data not shown).

Circular Dichroism. a. Far-UV CD. We used far-UV CD
in the analysis of the structure and conformational stability of
IF17 as a szpectroscopic probe that is sensitive to secondary
structure.”*”” The CD spectrum of IF17, at 25 °C and
physiological pH, showed a minimum negative ellipticity at
~200 nm and a negative shoulder around 222 nm (Figure 1).
These results suggest an unfolded protein with a small fraction
of a-helix, turn-like, or PPII structures,*® although the presence
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Biochemistry

5000 T T

0 T T T T
(A) (©)
0} T ~ 2r ?’ 1 M M
Fa 3 P \
5 IF17N/IF7 e a Wiy "Wﬁ iy g
£ . = 4l -
5 -5000 | L . E IF17
5 N v S -6 - 7]
8 et . p
= / V // IF17 e g <P\| | ‘
9. ‘5 or \ J‘ A " ‘t JM
1510 L S . = w. V“‘, ‘“\‘ | '1““”‘ | }fﬂﬁ'«’ﬂ;&” ’W" i ¥
J mw -10L “ ‘ o
54 ‘ ‘ , , 1F17N/IF7
200 210 220 230 240 250 A2 T ST S S T
20 25 30 35 40 45 50 55 60
Wavelength (nm)
Temperature (K)
1000 . . ; (D) [‘& W
®) | o\
0 - B8 7 FN \ /1
5 1000 | : ] J \\ A/JL [\
E i \/ { (,‘
% -2000 e ) A
5 IF17NAF7 o /WW
(7] o L 3 % o
g -3000 o e
% 4000 | Ea- 1 f
= o FIT / ‘
| i, |
-6000 1 1 1 1 / g \\}\ |
I ML
[GdmCI] (M) BT E T E W R e e e e e

Figure 1. Spectroscopic features and conformational stabilities of IF17 and IF17N/IF7. (A) Far-UV spectra of IF17 and IF17N/IF7. (B) GdmCl
denaturations followed by the changes in the ellipticity at 222 nm in the far-UV CD spectra of IF17 (blue squares) and IF17N/IF7 (red circles). The
lines through the data have been drawn to guide the eye, and they do not represent any fitting curves. (C) Thermal denaturations of IF17 and
IF17N/IF7 followed by the changes in the ellipticity at 222 nm (the scale on the y-axis is arbitrary, and the thermograms have been scaled up for the
reader’s sake). (D) The amide and aromatic (left) and methyl (right) regions of the IF17N/IF7 (top) and IF17 (bottom) 1D NMR spectra.
Experiments were acquired at pH 7.0 (phosphate buffer, 10 mM) and 25 °C.

of aromatic signals, which also absorb at 222 nm, cannot be
ruled out.”” We can estimate the helical or turn-like populations
from the molar ellipticity at 222 nm (—5300 deg cm”
dmol ™), leading to a 14%. Deconvolution of the far-UV
CD spectrum by using the DICHROWEB server””>° leads to a
61% of unordered structure and a 29% of turn-like
conformations, with no helical conformations; we used in
DICHROWESB the reference data 6, which contains the spectra
of several denatured proteins and hence produces a more
accurate prediction when the protein contains disordered
structure. There is a discrepancy between the value determined
by DICHROWEB and that from the approach using the
ellipticity at 222 nm. This difference must be due to the fact
that at 222 nm the f-sheet could also absorb or, as stated above,
aromatic residues; furthermore, the difference could be also due
to the deconvolution algorithms usedin DICHROWEB.**?°

b. Chemical and Thermal Denaturations. To investigate
the stability of the residual structure in IF17, we carried out
chemical (GdmCI and urea) and thermal denaturations.

The ellipticity at 222 nm decreased (in absolute value)
gradually as the concentration of GdmCl (or urea) was
increased (Figure 1B), indicating that the unfolding was a
noncooperative process. It could be thought that the chemical
denaturation of IF17 resembled a sigmoidal-like shape, since an
apparent slope transition and an unfolding baseline seem to be
observed (Figure 1B, red squares); however, attempts to fit
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these data to a two-state model failed due to the large slope
imposed to the putative native baseline and yielded chemical
denaturation midpoints with fitting errors larger than 100%.
Furthermore, a similar behavior (that is, detection of a sloping
transition and unfolding baselines regions of a sigmoidal curve,
but absence of a native baseline) has been observed in other
IDPs during their chemical denaturations (refs 31—34 and
other references in refs 31 and 33), in thermal denaturations of
IDPs,**° and in the chemical denaturation of IF7;'! it seems
that the sigmoidal-like shapes are associated with the presence
of some residual structure in IDPs having the sizes of molten or
premolten globules.*"** The ellipticity of IF17 showed a linear
behavior as the temperature was raised (Figure 1C), in
agreement with the fluorescence thermal denaturations (see
above). This behavior is commonly observed among IDPs, and
it is explained as due to a redistribution of the random coil
involving a loss of PPII and/or helical conformations.*®

¢. pH Titrations. At pH 8.5, the binding between GS and
IF17 is weakened as shown by gel-shift assays,® suggesting
possible conformational changes in IF17, which could hamper
the interaction. To test this hypothesis, we carried out pH
titrations of IF17. The shape of the spectrum of IF17 did not
change in the pH range explored, and the ellipticity at 222 nm
remained constant (Figure 1 of Supporting Information),
except at pH > 10, probably due to basic denaturation and/or
titration of tyrosine residues. Thus, the weakening of the GS-
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IF17 binding at pH 8.5 is not due to changes in the structure of
IF17.

d. Near-UV CD. We used near-UV CD to detect possible
changes in the asymmetric environment of aromatic
residues.”®?” The near-UV of IF17 was very weak, and there
were no intense bands. There are two possible explanations for
this behavior. First, the absence of a near-UV signal could be
due to the lack of a rigid asymmetric environment for the
aromatic residues. And second, it could be due to the relatively
low content of aromatic residues (eight tyrosines, four
phenilalanines, and one histidine; that is, 13 out of 149
residues). We favor the first explanation due to the
experimental findings described above and to the following
experiments.

NMR Spectroscopy. a. 1D NMR. NMR can give
information about the general fold of a polypeptide chain in
solution at the residue level.** The 1D NMR spectrum of IF17
at 25 °C showed a poor chemical shift dispersion: the amide,
the aromatic, and the methyl protons (Figure 1D) were
clustered in those regions expected for random-coil proteins:*®
namely, between 8.0 and 8.7 ppm (for the amide signals),
between 6.8 and 7.3 ppm (for the aromatic protons), and
between 0.8 and 1.0 ppm (for the methyl groups). The line
widths of amide protons were not significantly broader than
those of proteins with similar size (Figure 1D, left side); in fact,
1D NMR experiments at 50 4M did not show any change in
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the line widths, when compared to the spectra at 100 yM.
These results suggest that the protein is a monomer under
these conditions.

We also carried out hydrogen-exchange experiments. After
10 min at 20 °C at pH 5.9, all the amide protons of IF17 in the
1D NMR spectrum were exchanged, suggesting the absence of
hydrogen bonds.

b. DOSY-NMR. To get insight into the hydrodynamic
properties of IF17, we first tried analytical size exclusion
chromatography with a Superdex 16/60 HR column (GE
Healthcare). However, at the different pHs explored (pH S, 7,
and 9), IF17 eluted at volumes larger than the column bed
volume (~19 mL), suggesting protein—column interactions.
Therefore, we decided to determine the R, and the protein
oligomerization state of the molecule, from the measurements
of the translational diffusion coefficient (D), by DOSY-NMR
experiments. The measured D was (7.5 + 0.1) X 1077 ecm? s7),
which yields an R = 26 + 2 A (with a dioxane D value of (9.3 +
0.1) X 1077 cm®s7").

It is illustrative to compare the experimental value of the R
with the theoretical estimations for folded and unfolded
proteins. The theoretical value of the R for an unsolvated
spherical molecule, R,, is given by R, = (3MV/4N, 1, 7) '3, where
V is the specific volume (0.736 cm?/g for IF17), N, is
Avogadro’s number, and M is the molecular weight (16 679.9
Da for IF17). For a monomeric IF17, the above expression
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leads to an R, = 17.0 A (for a dimeric one is 21.3 A), which is
different to that measured experimentally (26.2 A). On the
other hand, the R for a well-folded protein is given by R = (4.75
+ 1.11)NO®#00216 yhere N is the number of residues. This
expression yields a value of 20 + 3 A for a monomeric IF17,
which is similar to that obtained for a well-folded protein, with
the use of Uversky equations:*>” 20.1 A. The use of the equation
for a premolten globule species®” yields an R value of 29 + 5 A,
which is similar, within the experimental error, to the measured
one. (The R value for a molten globule according to the same
equations is 22 + 8 A, which is also similar to the experimental
value.) These findings suggest that IF17 is a monomer with a
molten or premolten globule conformation.

We can calculate the theoretical R of an unfolded protein,
with the same number of residues as IF17, by using Flory’s
scaling law: R = RyN"”, where R is a constant and v is a solvent-
dependent scaling factor. The value of Ry and v change among
the authors in the literature,"®**~** but for all the assayed pairs
of values, the R for an unfolded IF17 ranges from 31 to 38 A,
similar to the value obtained by the Uversky equation (37 A*’).

Taken together, these results indicate that the IF17 is more
compact than a fully disordered polypeptide chain but is not a
fully spherical well-folded globular protein. Furthermore,
several findings suggest that IF17 is a monomer in aqueous
solution. First, the far-UV CD spectra at two IF17
concentrations (10 and 20 uM) were identical (data not
shown). Second, the NMR line widths of the spectra at two
protein concentrations (S0 and 100 yM) did not change. And
finally, the size of IF17 is close to that of a monomeric
premolten or molten globule-like species.

b. Theoretical Analysis of the IF17 Sequence. Results from
the application of different theoretical predictors were puzzling.
The VL-XT program predicts that most of the polypeptide
chain is ordered: only residues Tyr33-Arg37 and Ala91-Vall123
were disordered (Figure 2A, top panel, red line). Furthermore,
the CDF analysis of PONDR predicts that IF17 is a well-folded
protein (Figure 2B). The RONN server predicts that the only
disordered patch comprises Ala79 to Argl03, and thus, it
overlaps with the second region predicted by VL-XT (Figure
2A, top panel, blue line). The FoldIndex server indicates that
the regions Metl-Thr40, Pro46-AsnS8, and Glu75-Lys96 are
disordered, partially overlapping with those predicted by VL-
XT. However, IUPRED (Figure 2A, top panel, green line)
predicts that the protein is ordered, as does the charge
hydrophobicity phase-space analysis of PONDR (Figure 2C),
although in the latter predictor, the protein (green diamond) is
close to the frontier separating the space of ordered and
disordered proteins. Then, the majority of the theoretical
predictions suggest the presence of ordered structure mainly at
the N-terminus (residues 1—70), which could account for the
residual ellipticity observed in the far-UV CD (Figure 1A).
However, except for the IUPRED (Figure 24, top panel, green
line), the rest of the servers predict the presence of disordered
regions through the sequence of the protein.

Taken together, the experimental and theoretical approaches
indicate that IF17 is an IDP with residual secondary structure
and lack of a well-folded core.

IF17N/IF7 Chimera Protein Is Also Disordered in
Aqueous Solution. Since (i) there is a sequence similarity
between the full IF7 and C terminus of IF17,” (i) both IF7 and
IF17 have different stability against proteolysis,® and (iii) most
of the theoretical predictions (see above) showed that the N-
terminus of IF17 is, to a certain extent, ordered (Figure 2A,
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top), we used a chimera protein (IF17N/IF7) formed by the 82
first residues of IF17 fused to IF7 to address (i) whether the
fusion of both proteins resulted in a fully folded protein, which
had a larger stability than the two separated proteins, and (ii)
whether IF17N/IF7 was able to bind GS with a larger affinity
than the wild-type proteins.

The fluorescence spectrum of IF17N/IF7 showed a
maximum at 354 nm, due to the sole tryptophan in the
sequence (from IF7); that wavelength indicates that the
tryptophan is fully solvent-exposed, as in IF7."" The far-UV
CD spectrum of IF17N/IF7 showed a similar shape to that of
IF17, with a minimum at 200 nm and a shoulder at 222 nm
(Figure 1A). The ellipticity at 222 nm was —5500 deg cm®
dmol™" which leads to a 14% of helical or turn-like structures.
The chemical (Figure 1B) and thermal (Figure 1C)
denaturations of IF17N/IF7 showed a similar behavior to
those of IF17. Finally, the 1D NMR spectrum did not show
dispersion in the amide, aromatic, and methyl regions;
furthermore, the highly broad indole proton of the tryptophan
appeared at 10.16 ppm, close to the expected valued for
random-coil polypeptides (10.22 ppm>°) (Figure 1D), and the
D of IF17N/IF7 was (7.4 + 0.8) X 1077 cm? s™', similar to that
of IF17.

Theoretical predictions by using VL-XT indicate that most of
the polypeptide chain is ordered: only residues Tyr33-Arg37
(also present in IF17), Ala77-GIn87, Serl08-Valll6, and
Thr136-Ser146 appeared disordered (Figure 2A, bottom
panel, red line). Furthermore, the CDF analysis of PONDR
predicts that IF17N/IF7 is a well-ordered protein (Figure 2A of
Supporting Information). The RONN server predicts that the
disordered patches are Ala70-Ser108 and Thr124-Ser146, that
is, most of the IF7 chain of the IF17N/IF7 (Figure 24, bottom
panel, blue line). The FoldIndex server indicates that the
polypeptide patches Met1-Thr40, Pro46-AsnS8 (also present in
IF17), Glu75-Arg89, and GIn103-Ser146 were disordered; it is
interesting to note that those polypeptide regions partially
overlapped with those predicted by VL-XT and RONN.
Conversely, ITUPRED predicts that IF17N/IF7 is ordered,
except for residues Thr136-Ser146 (Figure 2A, bottom panel,
green line), and the charge hydrophobicity phase-space analysis
of PONDR (Figure 2B of Supporting Information) suggests
that JF17N/IF7 is on the borderline separating the region of
ordered and disordered proteins.

Thus, from the above experimental and theoretical results,
IF17N/IF7 is an IDP, with a small percentage of secondary
structure (Figure 1A).

IF17 and IF17N/IF7 Bind to GS with Micromolar
Affinity. We have observed that IF7 folds upon binding to
GS."' Then, we wondered whether IF17 also folds upon
binding to GS. Furthermore, we were interested in determining
if IF17N/IF7 (formed by proteins from Synechocystis) had more
affinity for GS than the two isolated proteins. Trying to answer
these questions, we monitored the binding of GS to both
proteins by using a two-part approach. We first determined
qualitatively the binding by steady-state far-UV CD and thermal
denaturations followed by fluorescence and far-UV CD spectra.
And second, we determined the apparent K by using
fluorescence, as it has been reported in IF7,'"" and by far-UV
CD.

The far-UV CD spectrum of GS was typical of an a-helical
protein, with intense minima at 222 and 208 nm."! The
addition spectrum obtained by the sum of the spectra of
isolated GS and IF17 was different from that of the complex
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(Figure 3A), thus indicating that there was binding; the same
was observed in IF17N/IF7 (Figure 3B). Then, upon binding
of GS to IFs, there is a change in the secondary structure of at
least one, if not both, of the two proteins; it is tempting to
suggest that IF17 and IF17N/IF7 alter their structures upon
binding due to their smaller sizes and because they are IDPs.
However, we cannot rule out, based on our data, conforma-
tional rearrangements in GS (see below). It is interesting to
note that upon binding of IF17 (whether or not IF7 is present)
there is a decrease (in absolute value) in the intensity of the
spectra of the complex (instead of the expected increase)
(Figure 3A,C of Supporting Information). Conversely, when
IF7 is added to the solution, there is an increase (in absolute
value) in the intensity of the difference spectra at 222 nm (and
any other wavelength) as the concentration of IF7 is raised
(Figure 3D of Supporting Information). Probably, there is a
tendency of the IF17 to acquire f-sheet structure upon binding
to GS and that a large addition of IF17 led to aggregation. In
fact, we observed that over S h at 25 °C the titrating mixtures
containing the complexes having an [IF17] ~1.5 times larger
than the [GS] precipitated. This precipitation was slower, but
still present, when the samples were incubated at 5 °C; thus,
the samples for the binding titration experiments were prepared
and measured within the next 3 h. These results agree with
functional assays, since it has been shown that the complete
inactivation of GS occurs at concentrations of IFs 4 times larger

than the [GS].?
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To further confirm binding, we carried out thermal
denaturations of GS in the absence and in the presence of
the IFs. Binding can be detected by a change in the thermal
denaturation midpoint, Ty, of the complex, when compared to
that of the isolated GS:*'™* an increase of the T,, indicates
binding of the corresponding IF to the folded state of GS; a
decrease of the T, indicates binding to the unfolded state of GS
and/or complex destabilization due to conformational changes.
In all the GS—IFs mixtures we observed an increase in the T,,
of the complex, either followed by fluorescence or CD (Table 1
and Figure 3C). However, whereas the fluorescence thermo-
grams showed a single sigmoidal transition when any of the IFs
were added (at ~67 °C), the CD thermograms showed two
transitions only when IF17 was present (at ~44 and ~67 °C);
furthermore, the T, of the transition at ~44 °C was IF17
concentration independent (from 1 to 3 uM, Figure 3B of
Supporting Information).

Next, we tried to determine quantitatively the K, of the
binding between GS and the IFs by using fluorescence (Figure
3) and CD (Figure 3 of Supporting Information). We observed
that the Kps determined by CD are similar, but not identical, to
those determined by fluorescence (Table 2). There are two
possible explanations for this behavior. First, subtracting the
spectra of IFs at different concentrations from those of the
complexes yielded to experimental data scattering (Figure 3C,D
of Supporting Information) and, then, to poorer fittings; in
most of the fluorescence curves, we did not have to subtract a

dx.doi.org/10.1021/bi2009272 | Biochemistry 2011, 50, 9767—-9778



Biochemistry

blank to the mixture of the complex due to the absence of
tryptophan residues in IF17. Then, in this case, the differences
between both values are due to the inherent imprecision of the
technique. And second, in the CD titrations, we are subtracting
the blank containing the corresponding isolated IFs, and then,
we assume that there are not large structural changes in the GS-
bound IFs, which could obscure the CD signal from the
nonbound protein in excess. Besides, we are assuming that (i)
no large structural changes occurred in GS upon IF7 binding
and (ii) when the other IF is already present and bound to GS,
it does not experience any conformational change to allow for
binding of the other IF. Since in fluorescence we are
monitoring the nearby environment around tryptophan or
tyrosine residues, this technique cannot map structural changes
which are not affecting those fluorescence residues. Thus,
under this scenario, the apparent Ky, determined by CD would
be monitoring binding and conformational rearrangements (in
the corresponding IF and/or in GS).

The apparent K, of IF17 alone for GS, as determined by
fluorescence, is slightly larger (1 yM) than that of IF7 (0.3
uM'") (Table 2 and Figure 3). We also attempted to elucidate
the stoichiometry by using the procedure described by Otzen
and co-workers.** In this approach, a plot of the difference
between the measured fluorescence of the complex, and that
expected from the contribution of the individual protein
components, versus the ratio [titrating IF protein]/[GS
protomer] provides two straight lines whose intersection
gives the stoichiometry of the complex studied; the errors in
the intersection coordinate were estimated from the fitting
errors in the slopes and the y-axis intersections of both lines.
Then, in the GS—IF system, although the stoichiometries seem
to be slightly different (0.5 versus 1), giving the large errors, we
cannot be certain whether the values change among the
different GS—IF complexes formed. We did not attempt to
determine the stoichiometries from the CD data due to the
worse signal-to-noise ratio of the obtained difference spectra.

B DISCUSSION

IF17 Is an IDP. The results show that IF17 is an IDP, with
neither stable hydrogen bonds nor a well-formed core. To the
best of our knowledge, this is the first report on the
conformational stability and structure of an IF17-like
inactivating factor.

The lack of dispersion of the amide signals in the NMR
spectrum (Figure 2D) and the absence of cooperativity during
the thermal and chemical denaturations (followed by CD and/
or fluorescence) also support that the tertiary structure of IF17,
if any, is very weak and no hydrophobic core is formed. Most of
the theoretical results also support that IF17 is disordered in
several regions (Figure 2). There was, however, evidence of a
small amount of ordered structure (~15%), as judged by the
shoulder at 222 nm in the far-UV CD spectrum, which
disappears at high denaturant concentrations (Figure 1B). This
residual structure is not stably hydrogen-bonded, as shown by
the hydrogen-exchange experiments. Furthermore, IF17 does
not bind ANS (a probe used to detect partially folded states),
suggesting that either the residual secondary structure in IF17 is
not solvent-exposed or, alternatively, it does not involve a large
amount of nearby hydrophobic residues (that is, the protein has
not a compact hydrophobic core formed, as it is also shown in
other IDPs*). We do not know the exact nature of that
secondary structure in IF17, but it could involve an equilibrium
between transient a-helices, turn-like or PPII helical structures.
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Interestingly enough, PPII conformations have been linked to
protein—protein interactions*® and to stabilization of sequences
against conformational transformation.”” We performed pre-
dictions to test for possible protein-binding sites of IF17 to GS
by using the ANCHOR web server. In IF17, no binding sites
were predicted (Figure 2A, top panel), but IF7 was predicted to
have two binding regions, namely, Ala9-Lys19 and Leu26-
Gly34, appearing the former also in the prediction of IF17N/
IF7 (Figure 2A, bottom panel); however, it is important to
keep in mind that because linear motifs are short in length, they
contain very little information, and the prediction of binding
sites from sequence alone has a high false positive rates.

Being IF17 an IDP offers entropic advantages, for the
disorder-to-order transition that we have suggested should
occur upon binding to GS (Figure 3 of Supporting
Information), since highly specific interactions would decrease
the conformational entropy of the binding reaction.**™>° On
the other hand, it has been argued that a common trait among
IDPs is binding promiscuity,>"*>*° adopting different structures
upon binding to several targets. To the best of our knowledge,
no other partners, rather than GS, have been observed for IF17;
in fact, control steady-state spectra and thermal denaturations
followed by CD, in the presence of equimolar amounts of IF17
and IF7, indicated the absence of binding between both IFs.
Furthermore, control far-UV CD experiments in the presence
of 1 M NH,/NO; suggested that ammonium alone was not able
to induce structure in either IF17 or IF7.

IF7 is also an IDP,"" which shows a high sequence similarity
with the C terminus of IF17. This result suggests that this
region of IF17 could be involved in the interaction with GS,
and thus, it might be responsible for its GS-inactivating
activity.” Furthermore, from studies in vitro with crude
extracts,® the stabilities toward proteases of IF7 and IF17 are
different, and then, we reasoned that the differences in protease
stability could be due to the N-terminus of IF17. To further
support our hypothesis, the majority of the disorder predictors
suggested that most of the N-terminal region of IF17 was
ordered (Figure 2). Then, we used a chimera protein (IF17N/
IF7) formed by the N-terminus of IF17 fused to the rest of IF7;
our results show that the IF17N/IF7 was also an IDP, with a
similar amount of residual structure as IF17 and IF7 (Figure
1A). That is, the higher stability of IF17 against proteolysis in
crude extracts in vitro does not seem to be confined only to its
N-terminus.

The IF17N/IF7 is the first reported chimera protein
resulting from the fusion of two IDPs. Recently, Longhi and
co-workers®" have shown how disorder can influence order and
vice versa by designing chimeras formed by IDPs fused to the
GFP. Their results show that the overall structure, compact-
ness, and stability of the chimera proteins all differ from what
could be expected from the structural features of the isolated
IDPs and GFP, probably due to interactions between the two
fused domains. Here, we have shown that fusion of two IDPs,
involved in the same inactivation process, leads to an IDP with
the same residual structure as the two isolated domains.

Binding of IF17 to GS: Structure. In this work, we have
shown that IF17 was able to bind GS by using steady-state and
thermal denaturations followed by CD. However, the
transitions were in all cases irreversible, as shown by
precipitation of the sample after heating, and then a reliable
thermodynamic interpretation on the relative stability of the
complexes was not possible. The thermal denaturations of the
GS complexes followed by CD in the presence of IF17
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(whether or not IF7 is present) suggested the presence of an
additional thermal transition (at ~44 °C), which was not
observed in GS—IF7 complex. This transition was not IF17
concentration dependent (Figure 3B of Supporting Informa-
tion), and the change in the intensity of this transition (when
compared to that of GS) was raised as the concentration of
IF17 was increased; then, we suggest that such a transition is
associated with the presence of IF17. Since the CD thermal
unfolding of isolated IF17 did not show a sigmoidal transition
(Figure 1C), these data indicate that upon binding to GS IF17
becomes, at least, partially folded (supporting our previous
hypothesis based on the steady-state far-UV CD data, Figure
3A). Furthermore, the fact that the low-temperature transition
is also observed in IF17N/IF7 implies that the folded region of
“GS-bound”-IF17 involves its first 82 amino acids. Thus, not
only the C-terminal region of IF17 seems to be important for
binding (as suggested on grounds of sequence similarity”) but
also its N-terminus. However, at the moment, we cannot rule
out that the low-temperature transition observed could be
associated with partial unfolding of GS or even aggregation of
the IF17 N-terminal region (since no reversibility was observed
in this transition, see Experimental Procedures); notwithstand-
ing these findings, the facts that the T, is not IF17
concentration dependent (Figure 3B of Supporting Informa-
tion) and aggregation involves self-association (and then, a shift
in the T,,) seem to favor the hypothesis that the low thermal
denaturation involves unfolding of IF17.

The region of “GS-bound”IF17, which unfolds upon
heating, does not seem to be involved in the binding of GS
at pH 8.5, since the low thermal transition was not observed at
this pH (Table 1); furthermore, the stability of GS at this pH is
smaller than at physiological pH as concluded from the lower
T,, (Table 1). These findings agree with previous suggestions
that the GS—IF17 complex was weakened at pH 8.5,"° but not
because the structure of IF17 is pH-dependent (Figure 1 of
Supporting Information), but because there are variations in
the protonation state of some GS residues. These variations
should alter GS stability and result in changes of its catalytic
activity.

Binding of IF17 to GS: Affinity and Biological
Implications. At this stage, it is important to note that if
the IFs adopt a partially folded conformation upon binding to
GS, then the intrinsic binding constant, Kp, must be larger
than the apparent Ky, estimated by fluorescence or CD (Table
2), which involves binding and folding. Then, the structural
rearrangement is supposed to penalize the binding energetics,
and if K = [folded]/[unfolded] is the conformational
equilibrium constant for a conformational change coupled to
ligand binding, Ky, is given by Kp/(1 + 1/K).

The facts that (i) we can follow binding by fluorescence and
(ii) IF17 has no tryptophan residues suggest that at least the
environment of one of the tryptophans of GS is altered upon
binding. The apparent K, of the GS—IF17 complex was in the
range of 1 M. This value is slightly larger than that obtained
for IF7 (0.3 uM'), suggesting that the interaction of GS with
IF17 is slightly weaker. This result did not agree with our
previous findings,” since we have shown by using protein—
protein band shift and cross-linking experiments that the
complex GS—IF17 appeared over-represented. The discrepancy
between both values could be due to (i) the fact that we have
used techniques which allow a qualitative estimation of the
GS—IFs affinity in the presence of external agents (a gel matrix
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and a cross-linker, in 50 mM KClI of ionic strength) or (ii) even
partial degradation of IF7 in our crude extracts.

It is interesting to note that upon binding, IF17 seems to
fold, although the acquired structure is not very rigid (as judged
by the low T, observed, Table 1, Figure 3C, Figure 3B of
Supporting Information). We hypothesize that formation of the
GS—IF complexes (either IF7 or IF17) do not follow a rigid-
body mechanism,”* but rather the IF should have enough
flexibility to form a loose overall assembly with either the
isolated GS or the previously formed GS—IF complex; in that
way, the IF could undergo different rounds of disorder—order
transitions to strengthen the overall complex. The presence of
this weakly structured (“fuzzy”) complex could explain several
experimental findings. First, it could explain why the values of
the apparent Kps of the different GS—IF mixtures are similar
(Table 2); the “fuzzy” complex should be tightened, and
therefore, better regulated, by the presence of the other
incorporated IF. Second, the presence of this “fuzzy” complex
explain the partial reactivation of GS at pH 8.5, even though
IF17 is still present in the bulk media, and IF7 has been
degraded.8 Third, it could account for the observed small
differences in the K, measured by fluorescence and CD (Table
2), since the equilibrium constants monitored by far-UV CD
should be monitoring binding and structural rearrangements in
the previously GS-bound-IF complex or even in GS. And
finally, the presence of this weakly structured complex would
also explain why IF17N/IF7 did not show a larger affinity for
GS than the two isolated proteins (Table 2); in the absence of
the C terminus of IF17, the complex GS—IF17N/IF7 is not
fully formed, and probably it might be more weakly structured
than that the GS—IF17 complex, given the difference in the T;s
for the GS—IF17 and GS—IF17/IFN complexes (Table 2).
Thus, it seems that the weak formation of structure in the IFs
upon binding to GS or in the GS—IF complexes, in the ternary
GS—IFs system, is required to achieve a better and tighter
regulation of the function of GS.
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© Supporting Information

Three figures showing the pH titration of IF17 followed by far-
UV CD experiments (Figure 1), the PONDR predictions for
IF17N/IF7 (Figure 2), and selected CD binding titrations, with
the thermal denaturations at different IF17 concentrations
(Figure 3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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Bl ABBREVIATIONS

ANS, 1-anilino-8-naphthalenesulfonate; D, diffusion coefficient;
CD, circular dichroism; CDF, cumulative distribution function;
GOGAT, glutamate synthase; GdmCl, guanidinium hydro-
chloride; GFP, green fluorescent protein; GS, glutamine
synthetase I from the cyanobacterium Synechocystis sp. PCC
6803; IDP, intrinsically disordered protein; IF, inactivating
factor; IF7, the Synechocystis 65-residue-long IF of GS; IF7A,
the IF7 protein from Anabaena sp. PCC 7120; IF17, the
Synechocystis 149-residue-long IF of GS; IF17N/IF7, chimera
protein formed by the first 82 residues from IF17 fused to IF7;
Kp, dissociation constant; NMR, nuclear magnetic resonance;
ORF, open reading frame; PONDR, predictor of natural
disordered regions; PPII, polyproline helix; R, hydrodynamic
radius; TSP, sodium trimethylsilyl[2,2,3,3-*H, ]propionate; T,,
thermal denaturation midpoint (expressed in °C); UV,
ultraviolet.
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