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Abstract

To understand the roles ion pairs play in stabilizing coiled coils, we determined nuclear magnetic
resonance structures of GCN4p at three pH values. At pH 6.6, all acidic residues are fully charged;
at pH 4.4, they are half-charged, and at pH 1.5, they are protonated and uncharged. The a-helix
monomer and coiled coil structures of GCN4p are largely conserved, except for a loosening of the
coiled coil quaternary structure with a decrease in pH. Differences going from neutral to acidic pH
include (i) an unwinding of the coiled coil superhelix caused by the loss of interchain ion pair
contacts, (ii) a small increase in the separation of the monomers in the dimer, (iii) a loosening of
the knobs-into-holes packing motifs, and (iv) an increased separation between oppositely charged
residues that participate in ion pairs at neutral pH. Chemical shifts (HN, N, C’, Ca, and Cp) of
GCN4p display a seven-residue periodicity that is consistent with a-helical structure and is
invariant with pH. By contrast, periodicity in hydrogen exchange rates at neutral pH is lost at
acidic pH as the exchange mechanism moves into the EX1 regime. On the basis of TH-1°N nuclear
Overhauser effect relaxation measurements, the a-helix monomers experience only small
increases in picosecond to nanosecond backbone dynamics at acidic pH. By contrast, 13C rotating
frame 7 relaxation (71,) data evince an increase in picosecond to nanosecond side-chain
dynamics at lower pH, particularly for residues that stabilize the coiled coil dimerization interface
through ion pairs. The results on the structure and dynamics of GCNp4 over a range of pH values
help rationalize why a single structure at neutral pH poorly predicts the pH dependence of the
unfolding stability of the coiled coil.
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A principal advantage of NMR for structural studies is the ability to study molecules in
solution? and to investigate how structure responds to changes in the environment. Thus, one
could make “movies” of structures, where each frame corresponds to an incremental change
in solution conditions. While NMR has become one of the main techniques for structure
determination and there has been exciting progress in extending NMR methodology to ever
larger and more complex macromolecules and assemblies,?:3 the use of the technique to
detail small structural changes is relatively unexplored. In X-ray crystallography, closely
related structures can be determined routinely with the aid of molecular replacement and
difference Fourier maps.* Analogous approaches in NMR have not yet been developed.
Moreover, there is the issue of the level of precision needed for NMR to accurately model
small structural changes.? The motivation for sampling structure under a variety of
conditions is that to fully understand biological function it is often indispensable to have
structural information about multiple conformational states.> For example, for rational drug
design, it is useful to have models of both the free and ligand-bound receptor. To relate
structure to stability, it helps to know how the structure responds to excursions from
physiological conditions, such as the presence of denaturants, changes in temperature, or
changes in pH. In particular, theoretical attempts to account for contributions to protein
stability from the charging of ionizable residues have had only limited success, partially
because structures are typically available at only one pH value.5-8

The GCN4p leucine zipper fragment of the yeast transcriptional activator GCN4 is a 33-
residue coiled coil dimer (7.6 kDa) that has had its structure extensively determined and has
been the subject of numerous biophysical studies.®~17 lon pairs, interactions between
oppositely charged residues, are often seen in X-ray structures of coiled coils,1418.19 and
mutagenesis of the charged residues can result in significant stability losses.10:20 By
contrast, the pKj values of GCN4p, which have been completely determined by NMR in
solution, predict only small contributions to stability from charge interactions.812
Continuum electrostatic calculations of pKj values in GCN4p, based on the X-ray structure
of the coiled coil [Protein Data Bank (PDB) entry 2ZTA],14 were used to model the
experimentally determined pH dependence of stability to urea unfolding.8 While the stability
profile matched experiment near neutral pH, theoretical calculations overpredicted the
destabilizing effects of the titration of ionizable residues at extremes of pH. The most likely
source of error in the calculations is that they were based on a single structure of GCN4p at
neutral pH, with no information about the nature of structural rearrangements that
accompany changes in pH.%-8 To the best of our knowledge, the only study to systematically
address changes in structure accompanying changes in pH is a crystallographic study of
ribonuclease A, which followed the titration of histidines at six pH values ranging from 5.5
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to 8.8.21 Structural changes included local changes around the histidines in the active site of
the enzyme, as well as more distant concerted perturbations transmitted from His48 to the
region near Glu101 by a network of hydrogen bonds (H-bonds).21

In this work, we examine the GCN4p coiled coil structure between neutral and acidic pH.
Acidic rather than basic pH was chosen for these studies, because high pH leads to the loss
of NMR signals from amide protons due to base-catalyzed exchange with solvent.22 Guided
by our complete determination of p&; values for acidic and basic residues in GCN4p,8 we
chose three pH values for NMR structure determination. At pH 6.6, all of the acidic residues
in the protein are charged, and ion pairs in the coiled coil are fully formed. At pH 4.4, near
the pKj values of the Asp and Glu residues (that cover a pH range between 4.6 and 3.5), the
populations of charged and uncharged states are approximately equal. At pH 1.5, well below
their pK; values, the acidic residues are protonated and uncharged; therefore, all ion pairs in
the coiled coil are broken. An analysis of Crick coiled coil parameters,23 and of the knobs-
into-holes packing?* that is characteristic of coiled coils, was used to investigate
perturbations of the quaternary structure of the homodimer. Distances between charged
residues were analyzed to correlate side-chain structural changes with the breaking of ion
pairs at low pH. We looked at the backbone dynamics of the coiled coil as a function of pH,
using *H-1°N NOE relaxation data that probe fast motions on the fast picosecond to
nanosecond time scale and 1H to 2H hydrogen exchange (HX) that is sensitive to motion on
a slow time scale of hours or longer. Finally, differences in side-chain dynamics between
near-neutral and acidic pH were investigated with rotating frame 7; relaxation data (73, for
methylene 13C nuclei in polar and nonpolar residues.

EXPERIMENTAL PROCEDURES

Materials.

Polymerase chain reaction was used to prepare a synthetic gene corresponding to residues
Met250-GIlu280 of GCN4 (NCBI accession number NP_010907), optimized for codon
usage in Escherichia coli?> The cDNA fragment was ligated into the BamHI/EccRl sites of
plasmid pHisTrx2, a derivative of pET-32a (Novagen), that encodes E. coli thioredoxin with
an N-terminal Hisg tag and a thrombin cleavage site followed by a unique multiple-cloning
site.26 Freshly transformed £. coli IM109(DE3) cells were grown overnight in a 100 mL
culture of LB medium and resuspended in 1 L of “new minimal medium”2” supplemented
with 1 g/L 1°NH,Cl and 3 g/L [13Cg]glucose. When the cells at 37 °C reached an ODgqg of
0.6, expression of the Hisg-thioredoxin-GCN4p fusion protein was induced with 1 mM
IPTG for 4 h at 37 °C. Purification of the His6-Tagged fusion was achieved by affinity
chromatography on Ni2*-Sepharose (Novagen) under denaturing conditions. Thrombin
cleavage of recombinant GCN4p from the His6-Tagged thioredoxin carrier was performed
as described in the manufacturer’s instructions (Amersham). The purified GCN4p protein
was dialyzed extensively against 10 mM NaCl and 10 mM sodium phosphate buffer (pH 6.2)
using Biotech dialysis tubing (SpectraPor) with a 3.5 kDa molecular weight cutoff. Samples
were lyophilized and stored at —20 °C.

For the sake of being consistent with previous studies, the sequence numbering scheme in
this paper is the same as that for the 2ZTA X-ray structure of GCN4p.1* The peptide in this
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work, however, differs from that used for crystallography at two sites. At the N-terminus of
our peptide, the two extraneous residues Gly0 and Serl substitute for Argl in the peptide for
crystallography (Arg249 of GCN4), because of an engineered thrombin site used for protein
purification. At the C-terminus of the peptide used for crystallography, residue Arg33
(Arg281 of GCN4) was omitted because it occurs in a heptad d position. The last two
residues, Glu32 and Arg33 (amino acids Glu280 and Arg281 of GCNA4, respectively), were
not visible in the X-ray structure.14

NMR Spectroscopy.

NMR experiments were performed on samples containing 1.5 mM 13C- and 1°N-labeled
GCN4p monomer (0.75 mM dimer), 10 mM NacCl, and 10 mM sodium phosphate. A 600
MHz Inova NMR spectrometer equipped with a cryogenic probe was used to collect all
NMR data at 25 °C, except for isotope-filtered NOE experiments, for which an 800 MHz
spectrometer was used. Previously published *H, 13C, and 15N assignments for native
GCN4p (BMRB accession code 15316)8 were extended with three-dimensional (3D)
HNCACB, HNCO, and CCH-TOCSY experiments recorded at each of the three pH values.
Additional 200 ms mixing time 3D 1°N- and 13C-edited NOESY-HSQC spectra at each pH
value were used to obtain distance restraints for structure calculations. NMR data were
processed using FELIX-NMR and analyzed using CCPNmr Analysis.28 The standard DSS
(2,2-dimethyl-2-silapentane-5-sulfonate) was used as an internal *H chemical shift
reference, while 13C and 15N shifts were referenced indirectly as described in the literature.
29 Chemical shift deviations from random coil values were calculated as (observed-coil),
using published random coil reference values.39 NMR assignments for GCN4p have been
deposited with the following BMRB accession codes: 30027 for pH 6.6, 30028 for pH 4.4,
and 30029 for pH 1.5.

To identify NOE distance contacts between chains in GCN4p, we prepared a mixed dimer
consisting of 13C and 12C monomers. Samples of natural abundance [12C]JGCN4p and
isotopically enriched [13C]JGCN4p were mixed in 6 M urea, conditions under which the
protein is an unfolded random coil. To remove urea, the mixed sample was dialyzed with a
3.5 kDa cutoff filter, once against 1 M NaCl and three times against 10 mM NaCl and 10
mM sodium phosphate. Analysis of the ratio of NMR signals from [22C]JGCN4p to the
doublets that result from 1A_13: splitting in [}3C]GCNA4p, using assigned aromatic
resonances in the one-dimensional (1D) 'H NMR spectrum, showed that the 13C:12C
GCN4p ratio was 2:1, corresponding to a concentration of the mixed [12C/13C]GCN4p
dimer of ~0.25 mM in the sample that had a total dimer concentration of 0.75 mM. To
identify interchain NOEs, 200 ms mixing time sensitivity-enhanced 3D 13C-F1-filtered, 13C-
F3-edited NOESY-HSQC experiments from the Varian Protein Pack were performed at each
of the three pH values. The 13C-filtered NOESY-HSQC experiments were performed at

25 °C on an 800 MHz Inova NMR spectrometer operating with a cryogenic probe. The
sensitivity of the 13C-filtered NOESY experiments was low compared to that of a test
sample of 12C/13C mixed CMPcc, a trimeric coiled coil from cartilage matrix protein.3!
Because of the low sensitivity, each 13C-filtered NOESY spectrum on the [12C/13C]GCN4p
mixed dimer sample was acquired for 6.5 days at 800 MHz. Only off-diagonal peaks were
included in the analysis of NOE contacts. Diagonal peaks, even when corresponding to
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possible legitimate interchain contacts (e.g., V23 H»2 methyl—\V23B Hy2 methyl), were
omitted because these could have been caused by leak-through of large signals through the
13C isotope filter.

Calculation of NMR Structures.

NMR structures of GCN4p at the three pH values were calculated from the experimental
restraints summarized in Table 1. Backbone & and ¥ and side-chain y4 dihedral angles
were obtained from assigned H, HN, Ha, Ca, CB, and C” chemical shifts with TALOS-N.32
Intramonomer distance restraints at each pH value were obtained from 1°N- and 13C-edited
NOESY-HSQC spectra. Interchain distance restraints were from the 13C-filtered NOESY-
HSQC spectra. Regular a-helix C’()-NH(/+ 4) H-bond restraints were included for
residues 5-30 at pH 6.6, because all of these are involved in H-bonds in the 2ZTA X-ray
structure. The same H-bonds were included for the pH 4.4 structure because all amide
protons from this region that were resolved in the NMR spectrum showed protection from
hydrogen exchange (HX). At pH 1.5, 10 H-bond restraints were excluded for residues 7, 11,
13, 15-18, 20, 21, and 28, because their amide proton showed no HX protection. As a test,
we also calculated a set of pH 1.5 structures with all H-bonds included for residues 5-30,
like for the pH 6.6 and 4.4 structures. No large differences were seen for the structures when
the 10 H-bonds were omitted at pH 1.5, because the NOE and dihedral restraints are
sufficient to constrain the 10 residues without protected amide protons in a-helical
conformations.

NMR structures were calculated with a distance geometry/simulated annealing protocol
using X-plor NIH (version 2.40).33 Noncrystallographic symmetry (NCS) restraints were
used in the calculations,3! as NMR spectra indicate that the two monomers in the symmetric
dimer are magnetically equivalent. With 200 initial structures with randomized ¢ and
dihedral angles as the starting point, the 20 lowest-energy structures with no NOE violations
of >0.3 A or dihedral angle violations of >4° were kept for analysis. Of the 20 structures
from X-plor, the most representative of the ensemble average was selected as a starting
structure for water refinement of 45 structures with ARIA.34 NCS restraints were included
in the water refinement, and the molecular topology file was used to keep Asp and Glu
residues charged at pH 6.6 but uncharged at pH 4.4 and 1.5. In separate tests, the charge
state of the Asp and Glu residues was found to make little difference to the structures. The
20 lowest-energy structures from the ARIA34 water refinement protocol were selected as the
final structures. These had no NOE violations of >0.4 A and no dihedral angle violations of
>5°, The final NMR structures (Table 1) have been deposited in the Protein Data Bank as
entries 5IEW (pH 6.6), 5IIR (pH 4.4), and 511V (pH 1.5). Structure “1” of each ensemble is
the one closest to the NMR ensemble mean.

Structure Analysis.

Structures were visualized and analyzed with PyMol.3® The program was also used to
superimpose structures and calculate RMSDs using the “Align” function, as well as to
calculate distances between charged residues. Coiled coil parameters were calculated using
the Coiled Coil Crick Parameterization (CCCP) server (http://www.grigoryanlab.org/cccp).23
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Knobs-into-holes packing of coiled coil structures was characterized using the SOCKET
server (http://coiledcoils.chm.bris.ac.uk/socket/server.html).24

Hydrogen Exchange.

Hydrogen exchange (HX) experiments were performed at pH 4.4 and 1.5 and a temperature
of 10 °C, for comparison with previously published data recorded at pH 7.0 and 10 °C.1! To
initiate HX, 1°N-labeled GCN4p was dissolved to a monomer concentration of 1.5 mM in
99.96% D,0. Decays of IH-1°N HSQC cross-peak intensities as a function of D,O
incubation time were fitted to single exponentials, to calculate HX lifetimes and their
associated uncertainties.38

NMR Relaxation Experiments.

Backbone dynamics on the picosecond to nanosecond time scale were characterized with
1H-15N NOE relaxation data measured at 600 MHz and 25 °C. The H-1°N NOE data were
obtained from spectra in which the proton signals were saturated for 3 s and control
experiments in which the saturation period was replaced with an equivalent preacquisition
delay. IH-1°N NOE values and their associated uncertainties were calculated as previously
described.37

Side-chain dynamics were investigated by measuring 73, values for methylene carbons in
samples of 1.5 mM 13C-labeled GNC4p dissolved in 99.96% D50, at pH 6.6 and 1.5. The
T1, spectra were recorded at 600 MHz and 25 °C, with an experiment from the Varian
Protein pack. A preacquisition delay of 2 s was used, and eight T1,, relaxation times of 10,
40, 70, 100, 130, 160, 190, and 250 ms were sampled. 73, time constants were obtained
from exponential fits of decays in *H-13C cross-peak intensities with relaxation time.
Uncertainties were taken as the standard errors of the fits.

RESULTS

Chemical Shifts Are Consistent with GCN4p Retaining a-Helical Structure at Acidic pH.

Figure 1 shows assigned 1H-15N HSQC spectra of GCN4p at the three pH values used for
structure determination. The spectra have a single set of NMR resonances corresponding to
the amino acid sequence of the monomers, indicating that the peptide chains are
magnetically equivalent because of the 2-fold symmetry of the coiled coil homodimer. There
are changes in 1H and 1°N shifts between pH 6.6 and 1.5 (Figure 1A,C); a chemical shift
difference plot (Figure S1) indicates that most of the differences occur near the ionizable
Glu residues that titrate with pH and the basic Arg and Lys residues that can ion pair with
them.

Figure 2 shows plots of chemical shift differences between GCN4p and random coil values.
The HN (Figure 2A) and N (Figure 2B) shifts show average chemical shift differences near
zero. By contrast, the C” and Ca atoms (Figure 2C,D) show overall positive differences and
the CB atoms (Figure 2E) negative differences that are all consistent with a-helical
secondary structure.30 As previously reported,1! the HN resonances show a periodicity
where heptad repeat positions a and e show large downfield shifts (positive differences) and
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positions b and f large upfield shifts (Figure 2A). The N resonances show a periodicity
where g positions have large values and b positions have small values (Figure 2B). The
periodicity of C” nuclei gives large shift differences for ¢ positions and smaller values for a
and dpositions (Figure 2C). The periodicity of C* chemical shift differences has been
previously noted for another coiled coil.38 For the Ca and Cg chemical shift differences, we
see increased chemical shift differences for heptad positions a and d, respectively (Figure
2D,E). To the best of our knowledge, the chemical shift periodicity for N, Ca, and CS nuclei
has not been previously described.

The chemical shift periodicity for the HN resonances is correlated with the lengths of
backbone NH...OC” H-bonds in the 2ZTA structure.11.14 The H-bond lengths vary because
of the alternating pattern of hydrophobic and hydrophilic residues in the a-helix, which
bends the a-helix monomers to form the supercoil in the coiled coil.3° The fact that the
periodicity patterns seen for different types of nuclei such as HN, N, C’, Ca, and CBare
different suggests that except for HN signals, the chemical shift periodicity is not related to
H-bond length but is a feature of a-helix secondary structure. A periodic variation of H-
bond lengths along the length of an a-helix, and the ensuing bending, is not unique to coiled
coils but also occurs in regular a-helices.4? Thus, at least for HN chemical shifts, a seven-
residue periodicity identical to that observed in coiled coils is seen for regular a-helices in
the micelle-bound states of the peptides mastoparan®! and amylin.#2 To test the extent to
which the chemical shift periodicity observed for GCN4p (Figure 2) is a generic feature of
a-helices, we examined the SLAS micelle-bound state of monomeric a-synuclein, for which
comprehensive NMR assignments are available (BMRB entry 16302).43 We found a similar
albeit weaker periodicity pattern as seen for GCN4p (Figure 2) for the HN, C’, and Ca
signals of the first 40 of ~90 residues that adopt an a-helix structure in the micelle-bound
state of a-synuclein (Figure S2). Only the N nuclei appear to have a seven-residue
periodicity that is shifted by three sequence positions compared to that of the coiled coil
(Figure S2). The periodicity pattern can be extended to residue ~70, if it is assumed that
there is a two-residue sequence insertion near residue 40, probably a consequence of a kink
or a bend in this region of the a-synuclein helix. The pattern can be further extended to
residue ~85 if another one-residue insertion is allowed at position 77. The fact that the
chemical shift periodicity seen for GCN4p whose sequence is based on heptad repeats is
similar to that observed for a-synuclein that has a sequence based on 11-residue repeats
strongly suggests that these patterns are characteristic of a-helical structure rather than a
specific feature of coiled coils. Further support for this hypothesis comes from our analysis
of chemical shift deviations from random coil values in the X form of GCN4p (BMRB entry
5744),13 which is likely to be an a-helix monomer rather than a dimer. The chemical shift
periodicity of the reported HN, N, and Ca nucleil3 is conserved in heptad repeats 1 and 3
but breaks down for heptad repeat 2, which has a lower fractional population of a-helix.13 It
is only the Cg nuclei that appear to be sensitive to whether the GCN4p polypeptide is in an
a-helical monomer or a coiled coil dimer.13

Chemical shift differences from random coil values for the HN, N, C’, Ca, and CBnuclei of
GCNd4p as well as their sequence periodicities are highly conserved between pH 6.6 and 1.5
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(Figure 2). This strongly suggests that the a-helical secondary structure of the GCN4p dimer
is retained from neutral pH to acidic solutions as low as pH 1.5.

Structure Determination of GCNA4.

To gain insight into the structural changes accompanying acidification, we determined NMR
structures of GCN4p at pH 6.6, 4.4, and 1.5. Structure calculations were based on dihedral
angle restraints calculated from chemical shifts using TALOS-N,32 hydrogen-bond restraints
for protected amide protons, and distance restraints from 3D 1°N- and 13C-edited NOESY-
HSQC spectra. A problem that arises for structure determination of symmetric oligomers, in
which the monomers are magnetically equivalent, is distinguishing NOE distance contacts
within a monomer from those between monomers. Although many symmetric oligomer
NMR structures have been determined using an ambiguous restraint strategy,** we thought
we could get more equivocal results for GCN4p by directly measuring interchain NOEs
using a 13C-filtered NOESY experiment that transfers magnetization only from protons on
12C monomers to protons on 13C monomers, in dimers formed from a mixture of 12C and
13C chains.3145 Figure 3A shows the aromatic region of a 1D 1H NMR spectrum of the
GCN4p 12C/13C mixed dimer sample prepared by combining the chains under denaturing
conditions and refolding the protein by dialysis of the urea denaturant. Each of the four
aromatic signals from GCN4p shows a triplet, where the inner component (solid line)
corresponds to protons attached to 12C chains and the outer components (dashed lines)
correspond to protons attached to 13C, which are split by the one-bond Lyc coupling. Figure
3B compares a 13C-edited 1D spectrum (bottom) with the first FID of the 3D 13C-F1-
filtered, 13C-F3-edited NOESY-HSQC experiment (top). Most of the NOE signal in the top
spectrum comes from the methyl region between 0.8 and 1.0 ppm, consistent with the coiled
coil dimerization interface being comprised of methyl groups from hydrophobic Leu and Val
residues.

It is evident from the top spectrum that the efficiency of NOE transfer in the 1D 13C-filtered
NOESY experiment is poor. To obtain acceptable sensitivity, it was necessary to collect the
3D 13C-Fi1-filtered, 13C-F3-edited NOESY-HSQC spectra for 6.5 days at 800 MHz, at each
of the three pH values. Figure 3C compares representative TH-1H NOESY strips at the
indicated 13C planes from the 3D 13C-filtered NOESY experiments at the three pH values.
The strips for the Val30 Ha proton, showing NOEs to the Val30 H 2 methyl group on the
opposite chain, are representative of the majority of interchain contacts that are unchanged
with pH. By contrast, the Met2 He methyl group shows interchain NOEs to the Leu5 Hé
methyl that are conserved with pH, but a number of other NOEs at pH 6.6 to Serl, Met2,
and Lys3 on the opposite chain disappear at low pH. Finally, the Lys27 He methylene
protons show NOEs to the Leu26 H&1 methyl and Glu22 Hp1 protons from the opposite
chain, with the latter NOE likely due to the Lys27-Glu22 interchain salt bridge. The NOE to
the Glu22 Hp1 proton is lost below pH 6.6, while those to the Leu26 H&1 methyl group
decrease with a lowered pH. Both observations are likely to be a manifestation of the
disruption of the Lys27-Glu22 interchain salt bridge at acidic pH.
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Structures of GCN4p as a Function of pH.

The NMR structures of GNC4p at pH 6.6, 4.4, and 1.5 are shown in Figure 4. Statistics for
the NMR structures are listed in Table 1. For calibration, we compared the NMR structures
to a set of six X-ray structures of GCN4p shown in Figure 4A. The X-ray structures were
selected because they did not have large sequence changes compared to that of WT GCN4p;
they were not linked to large cofactors or proteins that could perturb the coiled coil, and the
crystals were grown over a range of pH values (from 8.5 to 6.0) near neutrality.

The NMR structures at pH 6.6 (Figure 4B) are very similar to the X-ray structures of
GCNd4p near neutral pH (Figure 4A). The main difference is that surface polar side chains
show greater conformational variability in the solution NMR structures compared than the
X-ray crystallography set does (Figure 5). This is typical of other proteins when their NMR
and X-ray structures are compared.*® By contrast, the side chains of the a and d heptad
positions that make up the hydrophobic core of the coiled coil are well-defined and show
similar rotameric states (Figure 4A,B), except for N16, which exists in two conformations in
the X-ray structure.14

The RMSDs between the pH 6.6 NMR structures and the prototypical 2ZTA X-ray structure
of GCN4p are 0.79 and 1.04 A for the backbone and all heavy atoms, respectively (Table 1).
It is worth noting that because of crystal lattice packing distortions, the two polypeptide
chains in the 2ZTA X-ray structure are not identical. Thus, chains A and B of the 2ZTA X-
ray structure differ with backbone and heavy atom RMSDs of 0.63 and 1.40 A, respectively.
The variation within the set of six X-ray structures (Figure 4A) is similar albeit smaller than
that between the two chains of the 2ZTA X-ray structure, with RMSDs of 0.26 and 0.34 A
for backbone and all heavy atoms, respectively. The fact that the structural agreement is
better among the set of six X-ray structures than between two chains of a single X-ray
structure could be a consequence of GCN4p crystallizing in the same C;»4 space group in all
six cases. Thus, the structures of the A and B monomers would be subject to the same lattice
packing perturbations in all six crystallographic structures.

As the pH is lowered to 4.4 (Figure 4C) and 1.5 (Figure 4D), there is a small but systematic
decrease in the precision of the NMR structures compared to that at pH 6.6 (Figure 4B).
Additionally, the NMR structures diverge from the pH 6.6 NMR structures and from the
2ZTA X-ray structure with a decrease in pH (Table 1). The RMSD between the neutral and
acidic pH structures is larger and increases faster with pH for the coiled coil dimer than for
the individual a-helix monomers (Table 1). This suggests that the principal structural
changes at low pH involve differences in the packing of the dimers rather than changes in the
a-helix monomer structures. This is most apparent as a slight movement apart and a
decreased extent of winding of the two a-helices around each other at low pH (Figure 4B—
D).

Acidic pH Causes Unwinding of the GCN4p Superhelix.

To obtain a quantitative description of the changes in the GCN4p structure with a decrease in
pH, we analyzed the three sets of NMR structures using the CCCP (Coiled Coil Crick
Parameterization) program.23 The program fits a-helices in superstructure to mathematical
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parameters for an idealized coiled coil developed by Crick.#” The subset of these parameters
used in our analysis is illustrated in Figure 4E, and the average values in different GCN4p
structures are listed in Table 2.

Parameters /; and R, refer to the radii of a-helix monomers and of the supercoil in the
dimer, respectively (Figure 4E). a-Helix radius R; fluctuates between 2.1 and 2.2 A, with
little difference from the 2.1 A mean in the set of X-ray structures (Table 2). Thus, the radii
of the a-helix monomers are conserved as a function of pH and between the NMR and X-
ray structures. Ry, which is related to the distance between the axes of the two a-helices in
the dimer, shows a small but systematic increase of 0.2 A between pH 6.6 and 1.5, indicating
that the a-helices are moving slightly apart at acidic pH (Table 2). The X-ray structures have
an Ry larger than that of the NMR structures at any pH. This discrepancy could be due to
differences between the solution and the crystals or a systematic offset in the calibration of
intermolecular NOEs, so that the increase in /Ay with a decrease in pH within the set of NMR
structures is likely to be genuine.

wy and ax refer to the frequencies, or the degrees of twist, of the a-helices and the
supercoil, respectively (Figure 4E). ay is the angle the superhelix turns around the coiled
coil axis for each residue, and w, is the corresponding parameter for the turn per residue
around the a-helix axis. Both parameters appear to show systematic changes with a decrease
in pH (Table 2). An analysis of a database of ~860 coiled coil structures showed that the ax
parameter in left-handed coiled coils ranges from 0 for parallel helices to —8.7 for the most
tightly wound coiled coils, with the negative sign indicating a left-handed superhelix.23 The
mean value of wy for this database was —3.5° per residue. Thus, a complete 360° turn of the
superhelix occurs for an average value of 360/3.5 = 103 residues. For the pH 6.6 NMR
structures, the wyg value of —4.8° per residue indicates that a complete turn of the superhelix
occurs over 75 residues. For the pH 1.5 NMR structures, the awy of —=2.7° per residue implies
133 residues are needed for a turn of the superhelix, corresponding to an increase of ~75%
compared to that at pH 6.6. On the basis of the NMR structures, the superhelix unwinds with
a decrease in pH. It is interesting to note that the wy of —3.8° per residue for the set of X-ray
structures near neutral pH is larger than the average of —4.8° per residue for the pH 6.6
NMR structures (Table 2). Thus, under similar conditions near neutral pH, the pH 6.6 NMR
structures appear to be more tightly wound than the X-ray structures. A possible source of
this difference is that crystal lattice packing contacts may stretch the coiled coil structure or
sterically occlude the winding of a-helices in the crystal compared to the solution state.
Another possibly significant factor is that the peptide used for the NMR structures has
differences at the N- and C-termini from those used for crystallography (described in
Experimental Procedures), which may affect supercoiling.

w1, the turn per residue in an a-helix, has idealized values of 360/3.6 = 100.0° per residue
for regular a-helices and 360/3.5 = 102.8° per residue for a left-handed coiled coil because
of the hydrophobic packing constraints imposed by the seven-residue heptad repeat
sequence. In the GCN4p X-ray structures and in the pH 6.6 NMR structures, the w; values
are close to the 102.8° per residue ideal of a coiled coil. As the pH is decreased, there is a
decrease in wy toward the 100.0° per residue limit of a regular a-helix (Table 2). It has been
noted?3 that for the database of ~860 coiled coil structures c; is anticorrelated to wy (R =
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-0.7). We see a similar inverse correlation (/= -0.9) for the rather limited data set of three
pH points in the study presented here. The changes in wy with a decrease in pH are small
and only slightly larger than the spread of values within the NMR ensemble at each pH.
Nevertheless, the small decreases in w; are consistent with the loosening of the coiled coil
superhelix exemplified by the more substantial increases in awy as the pH is decreased.

In addition to the parameters given above, we looked at the rise per residue, @, which is close
to the ideal value of an a-helix of 1.5 A/residue and shows no change with pH. Z g, the
axial offset between equivalent positions in the a-helix monomers, fluctuates randomly near
zero, as expected for a parallel coiled coil that maintains its 2-fold symmetry, demonstrated
by magnetically equivalent monomers in the NMR spectra.

Finally, we examined side-chain packing in the GCN4p structures with SOCKET.24 Coiled
coils exhibit characteristic “knobs-into-holes” side-chain packing interactions. The knob
formed by a heptad a position is surrounded by a diamond of holes comprised of d_;g-1ad
positions from the opposite helix, where the subscript £1 indicates positions in neighboring
heptads.24 Similarly, a d knob is surrounded by holes formed by residues adea.. Using a
default 7.0 A packing distance cutoff, the SOCKET program identifies seven knobs-into-
holes units per chain in the 2ZTA X-ray structures. Designated by the knobs, they are L59,
vo2, 1124 N162, 199, V232, and L269 (the superscript indicates the heptad position). All
of the knobs-into-holes units above are conserved in the pH 6.6 NMR structure. For the pH
4.4 structure, only the C-terminal L269 unit is lost, while for the pH 1.5 NMR structure, the
N-terminal L5% unit is lost. With a tighter packing distance cutoff of 6.0 A, all seven of the
knobs-into-holes units survive in the pH 6.6 structures, but only four persist in the pH 4.4
and 1.5 structures. The units that are lost in each case are those closest to the ends of the
polypeptide chain. Thus the knobs-into-holes packing of the GCN4p dimer is retained across
the pH range studied, indicating the coiled coil structure is maintained. There is, however, a
loosening of the dimer interface for the N-and C-terminal ends at low pH, concomitant with
the relaxation of the coiled coil superhelix.

Acidic pH Disrupts lon Pairs in the NMR Structures.

Because the changes in the GCN4p structures are associated with pH, we wanted to see the
extent to which charge—charge interactions are involved. Parallel dimeric coiled coils have
the potential to form intrahelical ion pairs between oppositely charged residues with an 7, 7
+ 3 or /, 7+ 4 sequence spacing because of the periodic nature of a-helical structure, as well
as intermolecular ion pairs between residues with an /, 7+ 5" sequence spacing particularly
involving heptad repeat positions e and g.8:12:4849 There are five potential ion pairs in
GCNd4p (Table 2): three are intramolecular (E11-K8, E11-K15, and E22-R25), and two are
intermolecular (E20-K15" and E22-K27"). Four of the five potential ion pairs are observed
as hydrogen-bonded salt bridges in the 2ZTA X-ray structure of GCN4p, but none are
replicated on both chains of the 2-fold symmetric dimer. Moreover, the salt bridges in the
2ZTA structure are poorly conserved between GCN4p structures (Figure 5A). For example,
the intramolecular E22—-R25 interaction seen on chain A of the 2ZTA structure is observed
on chains A of the 1ZIK, 1ZIL, and 4TL1 structures but not on either chain of the 1ZI11 or
2AHP X-ray structure. If we calculate closest approach distances between oppositely
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charged moieties for both chains in the set of GCN4p X-ray structures, the average values
are more consistent with long-range ion pair interactions than with H-bonded salt bridges
that have to satisfy a heavy atom distance cutoff of 3.5 A (Table 2). Alternatively, if we
consider hydrogen-bonded salt bridge interactions, these occur in only a fraction of the X-
ray structures (percent values in parentheses in Table 2).

The two intermolecular E20-K15” and E22-K27" ion pairs form hydrogen-bonded salt
bridges in 55 and 20% of the NMR structures at pH 6.6, respectively, fractional populations
similar to those in the X-ray set (Table 2). The proximity between these residues at pH 6.6 is
supported by intermolecular NOEs between the side chains of E22 and K27 (Figure 3C) and
E20 and K15 (not shown) that disappear at lower pH values. With decreasing pH, the closest
contact distances between oppositely charged atoms in the two intermolecular ion pairs
increase to values of >7 A (Table 2), which are probably too large to support electrostatic
interactions. Thus, the two intermolecular ion pairs appear to be present in solution at pH 6.6
but are disrupted at lower pH values when the acidic glutamate residues become neutralized.
The two intermolecular ion pairs bring together residues at nonequivalent positions in the
sequence across the dimer interface. This should favor supercoiling of the structure, whereas
at low pH, the loss of these relatively long-range intermolecular contacts could contribute to
the partial unwinding of the supercoil.

Of the three possible intramolecular ion pairs, the E11-K15 pair is not seen in the NMR or
X-ray structures (Table 2), making it unlikely that a charge interaction between these
residues occurs. Because of severe crowding of the lysine and glutamate side-chain
resonances in the 13C NOESY spectra, we were unable to detect intramolecular NOEs that
support the E11-K8 or E22—-R25 ion pairs. The E22—-R25 side chains, however, are within
ion pairing distance across the entire pH range (Table 2). Thus, the residues are fixed in
proximity by the rest of the structure, in spite of the absence of direct distance constraint
data. The E22—R25 pair forms intramolecular hydrogen-bonded salt bridges in 50% of the
NMR structures at pH 6.6, a fractional population comparable to that seen for the X-ray set
(Table 2). Although short side-chain distances for the E22—R25 pair persist in the lower-pH
structures, the residues no longer maintain orientations compatible with hydrogen bonding at
acidic pH. The possible E11-K15 ion pair gives uniformly large distances of >7 A in the
NMR structures at all three pH values. We cannot exclude the presence of this ion pair,
however, because NMR spectral crowding may have obscured NOE distance contacts that
support an interaction between the residues.

At low pH, there is also the potential for basic residues R25-K27 to participate in a repulsive
charge-charge interaction. The average distances between R25 and K27, however, are >7 A
in the NMR structures at all pH values, making it unlikely that this repulsive interaction
plays a role in the structure. In summary, the ion pair analyses suggest that pH-dependent
changes in the NMR structures of GCN4p are linked to the disruption of the intermolecular
E20-K15" and E22-K27’ interactions and the intramolecular E22-R25 interaction. The
E11-K8 interaction could not be characterized, while attractive E11-K15 and repulsive
R25-K27 interactions do not appear to occur.
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How Disruption of Intermolecular lon Pairs Leads to Superhelix Unwinding.

The differences in the NMR structures going from near-neutral to acidic pH include an
increased separation between oppositely charged residues in ion pairs and an increase in the
average value of superhelix parameter «wy, implying a partial unwinding of the coiled coil.
We wanted to test if the loss of superhelicity at low pH was due to a decrease in the
precision of the pH 1.5 structures, because these are constrained by a smaller number of
NOEs. To this end, we cross-validated the pH 6.6 structures against the pH 1.5 restraints and
the pH 1.5 structures against the pH 6.6 restraints. In each of the cross-validation tests,
~10% of the NOEs gave violations of >0.5 A. The dihedral angles showed fewer violations,
with 0-3% of restraints being violated by more than 5°, because GCN4 maintains its a-
helical secondary structure between pH 6.6 and 1.5. The largest distance violations on the
order of 3-6 A predominantly involved the charged residues that participate in ion pairs at
neutral pH. For example at pH 1.5, the He proton of K15 gives an interchain NOE to the
L13 methyl H&2 protons that is not seen at pH 6.6. Similarly, the E22 HN proton gives an
intrachain NOE to the L19 H&1 methyl group only at pH 1.5. Presumably, these NOEs are
lost because of the rearrangements that accompany the interchain K15-E20” ion pair
interaction at pH 6.6. The cross-validation analysis shows that the NMR structures at pH 6.6
and 1.5 are distinct, rather than the lower-pH structure corresponding to a less precise
version of the high-pH structure. The changes in NOEs for the charged residues with pH
need not correspond to the difference in superhelicity between the structures but could result
from localized rearrangements of the charged side chains.

We hypothesized that the interchain E20-K15A and E22—-K27” ion pairs favor a more
negative superhelix frequency g, because they bring together residues in nonequivalent
sequence positions. The distance contacts for the E20-K15” and E22-K27” ion pairs at pH
6.6 have the largest sequence separation among the interchain NOEs, where A - B =5,
where A is the sequence position of the first residue in chain A and /8 is the position of the
second residue in chain B. In the pH 6.6 data set, there are seven additional NOEs for which
A - /B = 4 and six for which 2 - B = 3. The 39 remaining interchain NOEs at pH 6.6 are
between residues on opposite chains that are separated by zero to two positions in the
sequence (2 = /A - /B = 0). The numbers of both long-range and short-range interchain
NOEs decrease in the pH 1.5 data set. At pH 1.5, there are no NOEs for which /A - B =5 as
the interchain ion pair interactions are lost, five NOEs for which A - /B = 4, four for which
A - /B =3, and 26 short-range NOEs for which 2 > /A - /B = 0. To test the hypothesis that
the superhelix frequency depends on the register of the interchain distance contacts, we
performed structure calculations with simulated data sets excluding NOEs with different A
- /B values. The calculations were performed with the X-plor NIH program, without the
water refinement step used for the final structures. For each simulation, 100 structures were
calculated, and the 10 lowest-energy structures without NOE violations of >0.5 A and
dihedral violations of >5° were analyzed (Figure S3). Using the entire pH 6.6 restraint set,
we obtained a mean superhelix frequency g of —4.6° per residue (Figure S3), comparable
to the value of —4.8° per residue for the pH 6.6 structures after water refinement (Table 2).
Excluding just two NOEs with the largest register number 7~ — B =5, due to the E20-K15’
and E22-K27” ion pairs at pH 6.6, changed the superhelix frequency to —3.7° per residue.
Further removing the seven interchain NOEs for which 7 - /B = 4 from the pH 6.6 restraint
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set increased wy to —2.9° per residue, and additionally, excluding the six /A - B =4
interchain NOESs gave an wy of —3.2° per residue. Thus, the supercoiling of the coiled coil is
predominantly favored by interchain NOEs between residues with a large difference in
sequence position. As a control, we performed a simulation in which we randomly removed
half of the 39 short-range interchain NOEs with an 7 — /B index between 0 and 2 but kept
the NOEs for which A - B > 2. In this control, ey was —4.3° per residue, a value
comparable to that using the full pH 6.6 restraint set. In a final test, we supplemented the pH
1.5 restraint set with the two interchain K15(e)-E20(H ) and E22(HB1)-K27(He) ion pair
NOEs from the pH 6.6 restraint set. We obtained 10 conformers with no restraint violations
in this simulation, indicating the structures could converge to solutions that satisfied both the
pH 1.5 restraints and the two artificially introduced long-range restraints from the pH 6.6
data set. wy changed from —2.0° per residue with the pH 1.5 restraints alone to —2.7° per
residue when the two 7 — 8 = 5 NOEs due to the interchain E20-K15 and E22-K27 ion
pairs were added. The superhelix became more wound when the two long-range contacts
from the pH 6.6 restraint set were included but not as much as in the pH 6.6 structures,
because the restraints were specific to the pH 1.5 data set.

Taken together, the results of the simulations show that superhelix frequency parameter ay
becomes more positive as the number of long-range interchain distance contacts decreases.
The pH 1.5 structure is unwound compared to that at pH 6.6, not solely because of an overall
decrease in structural precision but because of the specific loss of the E20-K15" and E22—
K27’ interchain ion pairs at low pH. Conversely, the interchain ion pairs constrain residues
with a relatively large /A - /B = 5 sequence separation across the dimer interface, leading to
a greater superhelical twist at pH 6.6. The changes in wgy when the two interchain ion pair
NOEs are removed are not as large as the difference between the pH 6.6 and 1.5 structures
calculated with the full complement of restraints. This suggests that factors other than the
interchain ion pairs are involved. As previously noted, the knobs-into-holes packing
characteristic of coiled coils is largely maintained between neutral and acidic pH, but the
packing is looser in the pH 1.5 structures particularly at the chain termini. The disruption of
inter- and intrachain ion pairs at low pH could indirectly affect the knobs-into-holes packing
interface, which may in turn also contribute to the unwinding of the coiled coil at low pH.

Hydrogen Exchange in GCN4p Is Dominated by Localized Dynamics.

Goodman and Kim!! measured HX for GCN4p at pH 7 (Figure 6A) and noticed periodicity
in the data similar to that for HN chemical shifts (Figure 1A). To aid visualization, the HX
data for GCN4p in Figure 6 are expressed as exchange lifetimes, the inverse of the rate of
exchange (7= 1/ksy).2° At pH 7, residues in heptad positions a, d, and e show strong HX
protection while those in positions ¢ and f show weak protection (Figure 6A). The protected
amides are sheltered from solvent because they lie at the bottoms of the “holes”, into which
the hydrophobic knobs from positions a” and d’ of the other a-helix are packed. By
contrast, amide protons in positions ¢ and f are farther from the dimer interface and more
exposed to solvent, leading to weaker HX protection.11

To examine the effects of pH, we measured HX in GCN4p at pH 4.4 (Figure 6B) and pH 1.5
(Figure 6C). In contrast to the data at pH 7, HX protection shows no discernible periodicity
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at pH 4.4 or 1.5. The exchange lifetimes of the protected amide protons at acidic pH are also
more uniform than at pH 7.0. The differences in HX could arise from changes in the
structure at low pH or an increase in dynamics that overshadows the variation in protection
observed at neutral pH. The latter explanation is more likely. HX is base- and acid-catalyzed,
so that exchange lifetimes above a maximum near pH ~5 should decrease by a factor of 10
for every change of 1 pH unit.?1 The observed decrease between pH 7.0 and 4.4, however, is
only a factor of 10, compared to an expected factor of 100-1000 due to base-catalyzed HX.
Between pH 4.4 and 1.5, HX lifetimes have the same magnitude, while an ~1000-fold
decrease is expected due to acid-catalyzed exchange. The stability of GCN4p based on urea
denaturation experiments decreases by ~2 kcal/mol of dimer between pH 7 and 2,8 so that
changes in stability cannot account for the discrepancy in the pH dependence of HX
lifetimes. Rather, the invariance of HX lifetimes with pH points to exchange occurring in the
EX1 regime, where it is independent of pH.51:52 In the EX1 regime, which is promoted at
pH extremes by acid or base catalysis, HX depends on the Kinetic rates of fluctuation that
produce “open” exchange susceptible states. By contrast in the EX2 regime, the hallmark of
which is a pH dependence of HX rates, HX depends on the stability of the structure. The HX
periodicity at pH 7.0 is therefore probably lost at acidic pH, because in the EX1 limit
localized dynamic fluctuations dominate HX processes to an extent that obscures the effects
of hydrogen-bond length variations.

Acidic pH Leads to Increased Flexibility for Side Chains in lon Pairs.

We next examined backbone dynamics on the picosecond to nanosecond time scale at the
three pH values used for structure determination using TH-1N NOE cross-relaxation
(Figure 7). The IH-15N NOE values are close to the theoretical maximum of 0.8, showing
that the a-helix monomers remain stably folded over the entire pH range. There is a slight
decrease in the baseline mean value for the H-1°N NOEs, from ~0.8 at pH 6.6 (Figure 7A)
to ~0.7 at pH 1.5 (Figure 7C). This suggests a small increase in backbone flexibility between
the two pH values that may be related to the precision of the pH 1.5 NMR (Figure 4D)
structures being slightly lower than the precision of those determined at pH 6.6 (Figure 4B).

Because changes in backbone dynamics of GCN4p were minimal, we wanted to see if a
decrease in pH might have a stronger effect on side-chain dynamics. To investigate side-
chain dynamics, we measured 13C rotating frame 7; relaxation values (71p) for methylene
groups in GCN4p. Wherever possible, the methylene carbons farthest from the backbone
were selected, as indicated on the x-axis of Figure 8. The 13C relaxation data are represented
as Ry, values, where Ry, = 1/T1, Data obtained at pH 6.6 and 1.5 are shown with gray and
white bars, respectively. For most of the sites, the /7y values at pH 1.5 are smaller than at
pH 6.6, indicating an overall increase in side-chain flexibility at lower pH (Figure 8).
Particularly large differences occur for the sites denoted by the arrows, corresponding to four
acidic and basic residues in the ion pairs of GCN4p: E11 (E11-K8), E20 (E20-K15"), E22
(both E22-R25 and E22-K27"), and R25 (E22-R25). The remaining acidic and basic
residues could not be resolved in the NMR spectrum. The results suggest that there is an
increase in side-chain flexibility at low pH, with the increase being especially large for
residues in the ion pairs that are disrupted at acidic pH.
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DISCUSSION

There has been considerable controversy regarding the role of charge—charge interactions in
stabilizing coiled coil structures.12:20 The sequences of coiled coils lend themselves to ion
pair formation, 1849 and numerous studies have found that ion pairs contribute to the
stabilities of coiled coils.10:20:53 The GCN4p structure 2ZTA, 14 the first X-ray structure of a
coiled coil dimer, shows many of the ion pairs predicted from the amino acid sequence, but
these are not conserved between the two chains in the dimer or in some of the other X-ray
structures of GCN4p. Mutagenesis of the charged residues that participate in the ion pairs
can lead to large stability losses; however, such substitutions can have multifarious effects,
extending beyond a perturbation of the Coulombic energy between two charges.81 NMR
studies show that the pH titratable residues of GCN4p have only small shifts in pKj; values
from random coil models, suggesting that the charging of these residues makes only small
contributions to stability.81248 |n at least one case, E20, the pKj shift is more consistent
with a residue being involved in a destabilizing repulsive interaction between like charges
than in a stabilizing ion pair.12 To better understand the roles of electrostatic interactions in
stabilizing coiled coils, we determined a complete set of pKj values for all pH titratable
acidic and basic residues in GCN4p.8 The shifts of the pKj values determined by NMR from
random coil models were used to calculate contributions to the stability of GCN4p from the
titration of individual sites, and these contributions were compared to stability data from
urea denaturation curves followed by CD (circular dichroism) over a range of pH values
from 2 to 12. Both numerical integration of the differences in proton binding calculated from
NMR-derived pKj shifts between the native and denatured state and pKj values calculated
from the 2ZTA X-ray structure failed to match the experimental stability data at low pH.8
The experimental value for the stability of GCN4p based on urea denaturation experiments
decreases from 9 kcal/mol of dimer at pH 7 to 7 kcal/mol of dimer at pH 2.8 The stability
predicted at pH 2 from the 2ZTA X-ray structure of GCN4p (determined at pH 7) was ~5
kcal/mol of dimer, an underestimate of ~2 kcal/mol of dimer. By contrast, the stability at pH
2 predicted from the pKj; differences between the native protein and random coil values was
~8.5 kcal/mol of dimer,® an overestimate of 1.5 kcal/mol of dimer.8 As discussed below,
neither the assumption that the structure of GCN4p is invariant between neutral and acidic
pH nor the assumption that the GCN4p coiled coil unfolds in a strict two-state transition is
likely to be correct.

The NMR structures determined in this work show that while the coiled coil motif is
conserved, there are changes in the structure and dynamics of GCN4p at low pH. These
include (i) a partial unwinding of the coiled coil superhelix, (ii) a small increase in the
separation between the a-helix monomers, (iii) a loosening of the knobs-into-holes packing
near the chain termini of the coiled coil, and (iv) an increase in side-chain dynamics,
particularly for residues that participate in ion pairs at neutral pH. The increase in flexibility
of titratable residues as ion pairs become broken could be due to the weakening of
interactions between charged groups on the protein or changes in the interactions between
the charged groups and solvent. The intermolecular E20-K15” and E22-K27” ion pairs
bring together residues in nonequivalent sequence positions across the dimer interface,
which favors supercoiling of the structure. Disruption of the intermolecular ion pairs is thus
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likely to account for the partial unwinding of the coiled coil superhelix observed in the NMR
structures at low pH. In as much as interchain charge interactions are favored between
heptad e and g positions, at a separation of five residues, ion pairs could play a general role
in determining supercoiling in addition to the packing of hydrophobic residues.

The changes in structure and dynamics accompanying acidification suggest that the 2ZTA
X-ray structure of GCN4p determined at neutral pH is not an appropriate model for the
behavior of the coiled coil at extremes of pH. The difference between neutral and acidic pH
is not just a turning off of electrostatic interactions. Structural rearrangements in the protein,
and possibly between the protein and solvent, accompany the loss of ion pairs at acidic pH.
These differences, for example, a favorable entropic contribution from the increase in side-
chain dynamics at acid pH, may be why the use of the neutral-pH 2ZTA X-ray structure
underestimates the stability of the coiled coil at low pH.8

By contrast, integration of the pK; shifts between the GCN4p coiled coil and random coil
model compounds overestimates the contributions of ion pairs to unfolding stability at low
pH. In spite of the structural evidence supporting the intermolecular E20-K15” and E22—
K27’ ion pairs at neutral pH, the acidic residues involved, E20 and E22, have pK; values of
4.4 and 4.2, respectively, compared to the random coil value for glutamate of 4.25.8 Note
that E22 is also involved in the intramolecular E22—-R25 ion pair (Table 2). It is possible to
calculate the change in stability of a protein from the protonation of a residue, using a
thermodynamic linkage analysis that considers the shift in pKj; of the native state compared
to that of the denatured state: AAGiity = AGy — AGyn = —2.303RT(pKY — pK,F).1254 Using
this analysis, the contribution from protonation of E22 at low pH is close to zero while that
for E20 is positive (~0.4 kcal/mol of dimer depending on the random coil model), indicating
an unfavorable contribution from the charged state of the glutamate, possibly due to a
repulsive interaction between like charges.8-12 At the same time, the R25A mutation that
disrupts the E22—-R25 ion pair causes a large decrease in the stability of GNC4p10 and of the
coiled coil trigger site.?> Of the acidic residues in GCN4p ion pairs (Table 2), only the
charged state of E11 stabilizes the coiled coil by 1 kcal/mol of dimer, based on the pKj shift
between its native (pK; = 4.05) and unfolded (pK; = 4.40) state.8 There thus appears to be
an apparent discrepancy between the changes in the NMR structures at different pH values,
and the relatively small favorable and unfavorable contributions to the stability of the coiled
coil predicted by the thermodynamic linkage analysis of pKj values.8:12:54 The first reason
for this disagreement is that the thermodynamic linkage analysis assumes pairwise
electrostatic interactions (e.g., ion pairs), and that contributions can be separated from other
effects, like changes in structure or solvation. Electrostatic interactions in GCN4p may in
fact be more like a diffuse network of couplings between multiple charges. For example,
E22 participates in an intramolecular interaction with R25 and an intermolecular interaction
with K27 (Table 2) and may be affected by a repulsive interactions with E22” from the
other monomer.12 A second assumption of the thermodynamic linkage analysis is that the
molecule is in a two-state equilibrium between folded and unfolded states.>* There is in fact
evidence of an “X form” of GCN4p, which corresponds to a monomer with partially folded
a-helical structure at acidic pH.13 The X form is promoted at the expense of the coiled coil
dimer at acidic pH and low peptide concentrations. In the study presented here, the X form
was largely suppressed by working with 1.5 mM GCN4p, a concentration 100-fold higher

Biochemistry. Author manuscript; available in PMC 2019 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaplan et al.

Page 18

than the GCN4p concentration of 15 £M at which the X form dominates.1® Nevertheless at
pH 1.5, the most acidic condition studied, we observe a trace amount of the X form in 1H-
15N HSQC spectra (Figure 1C) with an X form/coiled coil cross-peak volume ratio of ~0.15.
Indeed, the changes in the GCN4p NMR structures described in this work, which point to a
weakening of the dimerization interface at low pH, may provide a mechanism for the
formation of the monomeric X form. Additional evidence that GCN4p can sustain a-helical
structures in monomeric forms includes the p16-31 fragment corresponding to the coiled
coil “trigger site”, which has an a-helical content of ~50% at neutral pH and a temperature
of 5 °C.5% While there are differences in the CD spectra of regular and coiled coil a-helices
that arise from the superhelix twist, the effects are rather subtle.?8 It would certainly not be
possible to distinguish between an a-helical monomer (e.g., the X form) from a coiled coil
dimer using CD ellipticity at a single wavelength such as 222 nm, the method used to
measure the pH dependence of GCN4p stability to urea unfolding.® Thus, the assumption of
a two-state unfolding could interfere with stability measurements, because when the coiled
coil breaks into a-helical monomers these will still contain residual a-helix structure that
contributes to ellipticity at 222 nm. Similarly in a multistate model in which the coiled coil
dimer can dissociate to a monomer with residual a-helical structure, the pKj; values of the
latter may be inaccurately described by the random coil reference state, leading to errors in
the predicted unfolding stability at extremes of pH.

The motivation for this study was to see how the GCN4p structure responds to changes in
pH that disrupt ion pairs. To this end, we determined NMR structures at three pH values
where the ion pairs are fully formed, half-populated, and fully broken. The predominant
changes in the structures with a decrease in pH include an unwinding of the coiled coil and
an increase in the separation of oppositely charged residues that participate in ion pairs.
When coupled with dynamics data that show the flexibility of the a-helix monomers is
conserved but that there are increases in the extent of motion for side chains that participate
in the dimerization interface, the observations shed new light on the roles of ion pairs in
maintaining the coiled coil structure. The possibility of following molecular structure as a
function of solution conditions is an inherent advantage of NMR and represents a relatively
unexplored frontier. There is clearly room for methodological improvements, including
increasing the efficiency of structure determination, for example, using only a subset of data.
The potential for NMR to determine structures of molecules visiting multiple
conformational states promises the reward of a richer understanding of processes important
in all aspects of molecular biology, including protein folding, binding, and function.
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ABBREVIATIONS

CD circular dichroism

D,0O deuterium oxide

FID free induction decay

H-bond hydrogen bond

HSQC heteronuclear single-quantum correlation
HX hydrogen exchange

NMR nuclear magnetic resonance

NOE nuclear Overhauser enhancement
NOESY nuclear Overhauser enhancement spectroscopy
RMSD root-mean-square deviation

Tip 71 relaxation in the rotating frame
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Figure 1.

| |
6.6 6.3 6.0

1H-15N HSQC spectra of GCN4p at pH (A) 6.6, (B) 4.4, and (C) 1.5. Peaks below the
contour level shown are marked with the symbol “X”. Cross-peaks from Asn and Gln side-
chain amide protons are connected by dashed horizontal lines, labeled in black type, and
marked with the superscript “sc”. The side-chain amide protons of N16 are folded in the 1°N
dimension. The residue numbering scheme used in this and subsequent figures is the same as
that of the GNC4p X-ray structure (PDB entry 2ZTA). Blue arrows in panel C indicate
cross-peaks from trace amounts of the X form, which is stabilized at low pH.

Biochemistry. Author manuscript; available in PMC 2019 January 31.

tSN (ppm)



Page 24

Kaplan et al.

[}

8 3 2 A ]
0T |
et ([P . L] Ak B
£ L T = o o L 8 L]
+. L] nw.l -8 =2 =8 sl-g
n L o L] L
g e .| - .
- -+ LT oK ox
o - oar - Tl
LY - vz e = vl
- 0 < o o e o
- > o5 - LES
ooy | o L
- - | -EL .- =
- a2 T = T = ol
L d =T vl * v
o = - U x| L o L=
L ] ek L £
g LE *aml uzl
-2 pel L ] o |
= - ) W L]
- L L o LR
o = = Al - U
[ - U L LEE )
T o wl-2 awuf-2 aul2
- - b - anl
s "3 | =
L of a af al
wt ) wl wl
e w0 o= B a:]
or o o of
et el x| s
.. = x| =l =
-4 8 ) m ) nf- w @
T rreerY T MRA Rt L LA B L | g S T
o o o o o 2 a o o o e o
e w e w e =w W © T N O 6§ oo o @ 2 =2 e 2 e @ @ = o
- = = 2 - - ' ’ L o - o o L] T [

(wdd) @ yiys jeaiwiswd "H v

(wdd) @ Yiys reaways NV

(wdd) ¢ Yiys jeaways 3 v

(uwdd) @ Yiys [eaways v v

(wdd) @ wys [eaays 4o v

shift differences from random coil values. (A) HN, (B) N, (C) C’, (D) Ca, and (E)

CpBnuclei. Sequence and heptad repeat positions are given in each panel. Arrows denote
periodicity in chemical shift values with respect to heptad repeat positions, with black and

gray arrows indicating large and small chemical shift deviations, respectively.

Figure 2.
Chemical

Biochemistry. Author manuscript; available in PMC 2019 January 31.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kaplan et al.

H18
He1

'
" T\
1

R

—

Y17
Ha*

."h\n?

: * He*

Hi18 A

Hs2 {T\,
: H

#]
el
l[\\

]
:

!
I
ppm‘ 875

wmf w] |

Page 25

Vekde
8.0 7.0 65 ppm 5 4 3 2 1 0
C V30 Ha M2 He+ K27 He+
(**C 62.6 ppm) (**C 17.3 ppm) (**C 41.6 ppm)
pH66 pH44 pH15 pH66 pH44 pH15 pH6EE pH44 pH15
V30 | V30 v3o| L5 L5 L5 L26 | L26 L26
Hy2* Hy2* Hy2* Hs1* H51* H&1* Ha1* Ha1* H&1
= | == o\
8) :'9 © 4 f’? | \& = 1.0
K3
H&*
T D = : 2.0
a7 < = b4
|
E22
HpB1
M2 :
& -3.0
S1
Hgl
._ ol @ _ | 4.0
e St St S RPN
Hp2< Hp2 Hp2

424142 414241 2120212021 2029 2829

Figure 3.

2928 ppm

13¢C isotope-filtered NOESY experiments with GCN4p. (A) Aromatic region from a 1D 3H
NMR spectrum of the 12C/13C mixed dimer sample of GCN4p at pH 6.6, demonstrating the
mixture of the 12C and 13C chains. (B) lllustration of the efficiency of NOE transfer between
12C and 13C chains. The bottom trace shows the 13C-edited 1D NMR spectrum of the mixed
12¢/13C mixed dimer GCN4p sample at pH 6.6 (obtained by averaging 16 transients in 0.25
min and processed with a line broadening of 2 Hz). The top trace is the first FID of the
corresponding 3D 13C-F1-filtered, 13C-F3-edited NOESY-HSQC spectrum (obtained by

Biochemistry. Author manuscript; available in PMC 2019 January 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kaplan et al.

Page 26

averaging 256 transients in 4 min, processed with a line broadening of 10 Hz, and shown at
15 times the vertical scale). Because of the poor sensitivity of NOE transfer, the
corresponding 3D 13C-F1-filtered, 13C-F3-edited NOESY-HSQC experiment was performed
for 6.5 days (corresponding to averaging of ~360000 transients). (C) Comparisons of
representative strips from 13C planes of the 3D 13C-filtered NOESY spectra recorded at each
of the three pH values. The diagonal is indicated in each strip.
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Figure 4.
Backbone structures of GCN4p. (A) Set of six X-ray structures determined between pH 8.5

and 6.0 (PDB entries 2ZTA, 1ZIl, 1ZIK, 1ZIL, 2AHP, and 4TL1). NMR ensemble of the
best 20 structures at (B) pH 6.6, (C) pH 4.4, and (D) pH 1.5. Backbone atoms (C’, N, Ca.,
and O) are colored gray. Side-chain atoms of the 2-fold symmetry-related monomers are
labeled according to their sequence and heptad repeat positions (a, green and orange; d, cyan
and red). (E) Ribbon diagram of the 2ZTA X-ray structure illustrating the Crick parameters
used for analysis of the coiled coil structures (see Table 2 and the main text).
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Figure 5.
Effects of pH on the precision of side-chain conformations for acidic and basic residues that

have the potential to form ion pairs (see Table 2). (A) Reference set of six X-ray structures
determined between pH 8.5 and 6.0. Ensembles of the 20 lowest-energy NMR structures at
(B) pH 6.6, (C) pH 4.4, and (D) pH 1.5. Note that the pH-dependent increase in surface side-
chain structure heterogeneity is larger than that for the buried hydrophobic residues in a and
d heptad repeat positions (Figure 4).
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Figure 6.
Effects of pH on hydrogen exchange lifetimes: (A) pH 7.0, (B) pH 4.4, and (C) pH 1.5. The

data at pH 7.0 where taken from a previously published paper!! and are shown for
comparison with the new results at pH 4.4 and 1.5 from this work. Experiments at pH 7 were
performed at 6 °C, compared to 10 °C at pH 4.4 and 1.5. The periodicity in hydrogen
exchange at pH 7 noted by Goodman and Kim!1 (A) is no longer observed at acidic pH
values (B and C). Note the logarithmic scale for the y~axis. Gray data points indicate amide
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protons that exchange too fast to measure. Gaps correspond to sites that could not be
analyzed because of overlap in the spectrum.
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Figure 7.

Backbone dynamics investigated by 1H-1°N NOEs at (A) pH 6.6, (B) pH 4.4, and (C) pH
1.5. All measurements were taken at 600 MHz and 25 °C.
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Figure 8.
Effects of pH on side-chain dynamics probed with 13C Ry, measurements of methylene

carbons. All experiments were performed on a 600 MHz spectrometer at 25 °C. The
relaxation rate, Ry, is the inverse of the time constant for 7; relaxation in the rotating frame
(R1p = UTyp). Thus, sites with small Ry, values (e.g., at the chain termini) have increased
dynamics. The 13C nuclei probed for each residue are identified on the x-axis of the plot,
and the residue heptad repeat position is indicated at the top of the figure. Gray and white
columns denote data obtained at pH 6.6 and 1.5, respectively. For L19, we could measure
Ry, only at pH 6.6. Arrows indicate acidic and basic residues that have a potential to form
ion pairs and were resolved in NMR spectra. These sites show a large decrease in /7y, from
pH 6.6 to 1.5, indicating a large increase in side-chain dynamics at acidic pH.
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