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ABSTRACT: Protein folding intermediates are often imperative for overall folding processes and consequent
biological functions. However, the low population and transient nature of the intermediate states often hinder
their biochemical and biophysical characterization. Previous studies have demonstrated that Bacillus subtilis
ribonuclease P protein (P protein) is conformationally heterogeneous and folds with multiphasic kinetics,
indicating the presence of an equilibrium and kinetic intermediate in its folding mechanism. In this study,
nuclear magnetic resonance (NMR) spectroscopy was used to study the ensemble corresponding to this
intermediate (I). The results indicate that the N-terminal and C-terminal helical regions are mostly unfolded in
I. "H—"°N heteronuclear single-quantum coherence NMR spectra collected as a function of pH suggest that
the protonation of His 22 may play a major role in the energetics of the equilibria among the unfolded, intermediate,
and folded state ensembles of P protein. NMR paramagnetic relaxation enhancement experiments were also
used to locate the small anion binding sites in both the intermediate and folded ensembles. The results for the
folded protein are consistent with the previously modeled binding regions. These structural insights suggest a

possible role for I in the RNase P holoenzyme assembly process.

An understanding of the processes by which a protein folds
into its folded conformation requires knowledge of the various
states that populate the folding pathways, the kinetic rate
constants between these states, and their relative stabilities, as
well as their structural properties. Despite the observation that
many proteins fold through an intermediate state (/—3), the role
of intermediates in productive folding is still the subject of fertile
literature discussion (4). Intermediates between the unfolded and
folded states may enhance the rate of folding by decreasing the
conformational space through which the polypeptide chain has
to search or may reduce the rate of folding by sequestering the
polypeptide chain in a stable, partially folded state (3, 6).

RNase P protein (P protein) is the protein subunit in the
RNase P holoenzyme. Our previous studies have established that
P protein is an intrinsically disordered protein (IDP). Without the
binding partners, P protein is predominantly unfolded but can be
induced to fold in the presence of different small anions (e.g.,
sulfate). Many protein subunits in the ribonucleoprotein com-
plexes exhibit conformational dynamics, which promote specific
recognition of cognate RNA partners (7). The N-terminal RNA
recognition domain (RRM) of human UIA binds to the 3
untranslated region (3-UTR) of UIA mRNA. In the absence
of RNA, backbone and side chain relaxation experiments reveal
conformational heterogeneity on the microsecond to millisecond
time scale in the regions that bind RNA (8, 9). Previous nuclear
magnetic resonance (NMR) studies showed that there are extra
peaks in the '"H—"°N heteronuclear single-quantum coherence
(HSQC) spectrum of the sulfate-folded state of P protein, which
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is evidence of alternative conformations under these conditions
(10). Backbone dynamics studies of the sulfate-folded state of P
protein under similar conditions also detected conformational
heterogeneity (arising from motions on the microsecond to
second time scale) (/7). In addition, our recent kinetic and
equilibrium studies of trimethylamine N-oxide (TMAO)-induced
folding of P protein established that there is an intermediate state
in the folding process (kinetic studies of sulfate-induced folding
also detect an intermediate) (ref /2 and unpublished data).
Assembly of ribonucleoprotein complexes is usually accompa-
nied by conformational changes in both protein and RNA
components (/3, /4). The folding intermediates of protein or
RNA components can be crucial to the overall assembly process.
The absence of key intermediate states could result in non-native
and misfolded ribonucleoprotein complexes (15). Therefore, a
primary motivation for structurally and energetically character-
izing this intermediate in the P protein system is to understand its
role in the folding process and ultimately holoenzyme assembly.

For most small proteins, intermediates form within the dead
time of a stopped-flow instrument, so it has not been feasible to
determine their role in the folding process (16, 17). Recent
development of ultrarapid mixing (18, 19) and temperature-
jump (20) instruments enabled the direct detection of the initial
folding phase and early folding events. The intermediate ensem-
ble formed early in the folding of Im7 (2) and that of GBI (21)
have been shown to be on the folding pathway. In addition to the
short lifetime of intermediate states, many of them are populated
at very low levels, making their experimental characterization
difficult in some systems. Most of the transient techniques that
have been used to study protein folding are based on the use of a
single probe or a single average property derived from many
residues in the protein. It is thus difficult to obtain residue-
specific information about the intermediate state. Therefore,
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determination of the conformational properties of an intermedi-
ate state at high resolution is important for a full elucidation of
the structural mechanism of folding. However, the transient
nature and low population of the intermediate states relative
to the unfolded and folded state are challenges for structural
experiments.

A variety of NMR methods are available and designed for the
study of the conformational properties of intermediate states.
Relaxation dispersion NMR spectroscopy is extremely sensitive
to processes that involve interconversion between a ground state
(folded or unfolded state) and excited states (intermediate state)
of molecules (22—24). The method also provides residue-specific
information over the whole protein simultaneously. NMR anal-
ysis of partially folded proteins stabilized by changing solution
conditions or mutagenesis has also provided insights into the
nature of their conformational ensemble (25—27). Another
approach to investigate protein folding at the residue level is to
record a series of "H—""N HSQC spectra at increasing denatur-
ant concentrations under equilibrium conditions (28, 29). Lastly,
NMR spectroscopy provides a powerful method for monitoring
the exchange of a nucleus between different environments because
of conformational transitions (30). If the transition rate (k) is in
the fast-exchange regime (Aw < k, where Aw is the resonant
frequency difference for the same nucleus in two magnetically
inequivalent sites), a single sharp peak is observed. If the rate is in
the intermediate-exchange regime (Aw ~ k), the peaks become
very broad and can have an intensity similar to that of baseline
noise. When the rate is in the slow-exchange regime (Aw > k),
two resonances arising from the two distinct environments of the
nucleus are observed. In this study, all three scenarios were
observed in folded and unfolded P protein NMR HSQC spectra,
which enabled us to structurally characterize the intermediate
state of P protein. Moreover, Aw values were useful for deducing
structural characteristics of the intermediate. Overall, NMR offers
several different ways to characterize the intermediate state
kinetically, thermodynamically, and structurally.

In this study, standard multidimensional NMR experiments
were performed to determine the residue identities of the extra
peaks in the "H—""N HSQC spectrum of the sulfate-folded state
of P protein. The assignment results showed that most of these
residues are located in the vicinity of the N- and C-termini and
their second resonances arise from the random-coil conforma-
tion. The NMR data suggest that the central f-sheet and a-helix
B are folded in the intermediate state and that the N-terminal
a-helix A and C-terminal a-helix C are unfolded. Acid titration
monitored by HSQC spectra indicated that histidine protonation
of predominantly His 22 shifts the conformational equilibria of P
protein at low pH.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents. Ultrapure urea was purchased
from Nacalai Tesque Inc. ['°’NJAmmonium chloride (99%),
[*Cglucose (U-"Cq, 99%), and deuterated TMAO (do, 98%)
were purchased from Cambridge Isotope Laboratories Inc. Urea
and TMAO concentrations were measured by refractive index
using the equations from refs 3/ and 32, respectively.

Protein Mutagenesis, Expression, and Purification. His-
tidine variants of P protein were generated in an F107W back-
ground. These site-directed mutational plasmids were constructed
using the QuikChange procedure (Stratagene) with primers
GGAGATATACCATGGCTAAGCTGAAAAAACGC and
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GCGTTTTTTCAGCTTAGCCATGGTATATCTCC for H3K,
CCAGAAAGTGTTTAAAAAGGGGACATCAGTTGC and
GCAACTGATGTCCCCTTTTTAAACACTTTCTGG for
H22K, and CGAAAAAAAGTCTGCAGAAGCTATGGAG-
AAAGTCTTC and GAAGACTTTCTCCATAGCTTCTGC-
AGACTTTTTTTCG for H105K. Single and triple histidine
substitutions in the F107W background were overexpressed to
produce the P protein variants used for this study. The DNA
sequence and the mass spectrum of each variant were determined
to ensure that it contained the desired substitution.

Wild-type P protein and variants were overexpressed in
Escherichia coli [BL21 (DE3) pLysS] cells. For preparation of
SN singly labeled and "N and "*C doubly labeled protein used in
the NMR experiments, a single colony of positive transformants
was used to inoculate 30 mL of LB medium containing 50 ug/mL
kanamycin and 17 ug/mL chloramphenicol and grown to an
ODygqg of 0.8—0.9. The culture was diluted (1:200) into the M9
minimum medium culture (1 L) containing the same antibiotics
and enriched with 2 g/L[*C]glucose and/or I g/L ['*NJammonium
chloride. The culture was incubated until the ODgqo was 0.4—0.6
and protein overexpression induced by addition of IPTG to a final
concentration of 0.4 mM. The culture was incubated with vigorous
shaking (1 L in a 6 L Erlenmeyer flask) for 10—12 h, and the cells
were harvested by centrifugation. Overexpressed P protein was
purified as described previously (33) with the following modifica-
tions. The pooled fractions of P protein eluted from the second
CM-Sepharose column were concentrated using a 3.5 kDa cutoff
centriprep ultrafilter (Amicon) until the volume of the pooled
fractions was reduced to 1—2 mL. The buffer in the sample was
changed to 6 M guanidine hydrochloride (Gdn-HCI) with 10 mM
Tris (pH 7.5) during this concentration step. The concentrated
sample was then loaded on an S-100 column equilibrated with 6 M
Gdn-HCl and 10 mM Tris (pH 7.5) to remove any bound EDTA.
Fractions containing P protein were pooled and concentrated
again using a centriprep ultrafilter to the desired concentration for
NMR experiments. Protein purity was determined to be >99% by
SDS—PAGE with Coomassie blue detection. The molecular mass
of each variant was confirmed by electrospray ionization mass
spectrometry. The masses of unlabeled proteins were within 0.5 Da
of the expected mass, and labeled proteins were 3—4 Da larger
from the theoretical mass calculation. Protein was stored in 6 M
Gdn-HCl at —80 °C for long-term storage. The protein NMR
sample was dialyzed extensively against water and then 20 mM
sodium cacodylate (with the proper pH value needed in the
experiments). In all experiments, the protein concentration was
calculated using the Edelhoch method (34) using an extinction
coefficient of 5800 M~' em™" and 11200 M~' em™" at 276 nm for
WT and F107W, respectively.

NMR Spectroscopy Experiments. (i) Two- and Three-
Dimensional NM R Experiments and Sequential Assignment.
All three-dimensional NMR spectra were recorded at 25 °C on a
Varian INOVA 600 spectrometer with a triple-resonance cryo-
probe equipped with a z-field gradient coil. The two-dimensional
spectra were recorded on either a Varian INOVA 600 or a Varian
INOVA 800 spectrometer with a triple-resonance probe. The
NMR sample used for assignment of the extra peaks consisted of
0.5 mM P protein in 5 mM sodium sulfate, 20 mM sodium
cacodylate buffer (pH 5.0), 10% D,0, and 0.05% sodium azide.
The NMR sample used for the pH titrations of the unliganded
protein consisted of 0.2—0.4 mM P protein in 20 mM sodium
cacodylate buffer, 10% D,0, and 0.05% sodium azide. The pH
ranged from 5 to 7.5. Two-dimensional gradient-enhanced



9430  Biochemistry, Vol. 49, No. 44, 2010

sensitivity-enhanced "H—'>N HSQC experiments were con-
ducted with a spectral width in the "H dimension of 11990 Hz
and 1024 complex points and a spectral width in the '*N dimension
of 1994 Hz and 192 complex points. The resonance assignments of
extra peaks were made using a suite of triple-resonance experiments,
including (HCA)CO(CA)NH (35), HNCO (36), HN(CA)CO (37),
CBCA(CO)NH (38), and H(CCO)NH (39, 40). In these three-
dimensional NMR experiments, the spectral width in the 'H
dimension was 7020 Hz with 1024 complex points and the spectral
width in the "N dimension was 1944 Hz with 32, 64, or 72 complex
points. The spectral width in the '*C dimension was 2000 Hz with
48, 64, and 96 complex points for (HCA)CO(CA)NH, HN(CA)CO,
and HNCO, respectively. The spectral width in the '*C dimension
was 12066 Hz with 64 complex points for the CBCA(CO)NH
experiment. The NMR spectra were processed using NMRpipe (4/);
the processed spectra were viewed and examined by NMRDraw
and NMRviewJ, and the intensities of the cross-peaks were
quantified with NMRViewJ (42). Backbone sequential assign-
ments were analyzed using CARA (CARA can be downloaded for
free from http://www.nmr.ch).

(if) Paramagnetic Relaxation Enhancement (PRE) Ex-
periments. Two-dimensional gradient-enhanced sensitivity-
enhanced "H—""N HSQC spectra were recorded on a Varian
INOVA 600 spectrometer with a triple-resonance probe. The P
protein concentration was 200 M with 20 mM sulfate in 20 mM
cacodylate buffer (pH 6.5), 10% D,0, and 0.05% sodium azide.
Potassium hexacyanochromate {K5[Cr(CN)g]} was titrated into
the protein sample from 2.5 to 100 uM (with concentration steps
of 5, 10, 20, and 50 uM). The HSQC spectra were recorded at
each [Cr(CN)]*~ concentration with a spectral width in the "H
dimension of 7020 Hz and 1024 complex points and a spectral
width in the "*N dimension of 1994 Hz and 128 complex points.

RESULTS

Sulfate and pH Titration of Folded P Protein. Assign-
ments for 95% of the backbone resonances of sulfate-folded
(20 mM sulfate) P protein have been reported previously (10).
Although most of the peaks present in the 'H—'>N HSQC
spectrum under these conditions were assigned in the previous
studies, a few residues were missing and some extra peaks could
not be assigned. One interpretation of these observations is that
one or more alternative conformations are in chemical exchange
with the folded state of P protein. In addition, the intensities of
the extra peaks are dependent on ligand (sulfate) concentration
and pH, suggesting that the population(s) of the alternative
state(s) is influenced by ligand and pH. Sulfate has previously
been shown to bind to P protein with an apparent affinity of
0.5mM (43). To gain more insight into how ligand concentration
and pH affect the equilibria between the alternative conforma-
tions and the folded state, a series of '"H—'"N HSQC spectra were
recorded at various sodium sulfate concentrations and pH values.
The sulfate concentration ranged from 0 to 100 mM but focused
on the range around 2—100 mM. As shown in Figure 1A, the
intensities of the extra peaks decreased as the ligand concentra-
tion increased, and the chemical shifts of some assigned peaks of
the folded state, many of which are in the N-terminal region, were
strongly dependent on ligand concentration. These two observations
indicate that both slow exchange and fast exchange processes
contribute to the observed ligand dependence.

Similar effects were observed when the sample pH was varied.
As shown in Figure 1B, the intensities of the unassigned extra
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FIGURE 1: Sulfate titration and pH titration of the "H—'"N HSQC
spectrum of '"N-labeled P protein, at pH 6.0 and 25 °C. (A) The
spectra of P protein in 5 (red), 10 (orange), 20 (yellow), and 100 mM
sulfate (green) are overlaid in order of increasing concentration. The
intensities of the extra peaks (between the two dashed lines) decrease
with increasing sulfate concentrations as evidenced by the disappear-
ance of the yellow and green peaks. The labeled peaks are assigned
residues of folded P protein. The arrows show their change in
frequency as the sulfate concentration increases from 5 to 100 mM.
(B) The spectra of P protein in 20 mM sulfate at pH 5.3 (black), 5.5
(red), 6.0 (orange), 6.5 (yellow), and 7.0 (green) are overlaid in order
of increasing pH. The labels for the two observable histidine residues
are red. His 3 is not observed in the spectrum. Residues next to
histidine residues that exhibit significant chemical shift movement are
labeled in black, with arrows indicating their change in frequency
with an increasing pH. All extra peaks are located in the region
between the two dashed lines, and their intensities decrease with an
increasing pH.

peaks decreased and many native peaks shifted as the sample pH
was increased from 5.0 to 7.5 with the sulfate concentration held
constant at 20 mM. The pK, of the free histidine imidazole group
is 6.0 (44), which is within the range of pH values used for this
experiment. For this reason, it is likely that the changes in folded
resonance frequencies can be explained by the change in the
protonation state of the three histidine side chains in P protein.
Figure 1B shows that the amide '’N—"H resonances assigned to
His 22 and His 105 move as the pH changes, and the His 3 peak is
missing in the spectrum, presumably because of intermediate
chemical exchange (10). The 'H or "N chemical shifts of the two
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FIGURE 2: '"H—"SN HSQC spectrum of '“N-labeled P protein in
5 mM sulfate at pH 5.0 and 25 °C. The gray peaks are the folded
state spectrum resonances assigned in a previous study (56). The red
peaks are extra peaks that appear under these buffer conditions. All
of the extra peaks are located between 7.9 and 8.5 ppm in the 'H
dimension. The assignment results of the extra peaks are listed in the
Supporting Information.

histidine resonances plotted versus pH can be fitted to the
Henderson—Hasselbalch equation to estimate the pK, values
of His 22 and His 105, which are 6.08 &+ 0.16 and 5.65 £+ 0.17,
respectively (Supporting Information). Changes in chemical shift
were also observed for residues in the proximity of all three
histidine residues, which is expected because the ionization state
of the histidine side chain can also affect neighboring residues.

HSQC Spectrum of Folded P Protein and Unfolded P
Protein. In a previous study (/0), the protein sample conditions
(pH 6.0 and 20 mM sodium sulfate) reduced the intensity of the
extra peaks, producing an HSQC spectrum dominated by folded
P protein resonances. However, as described in the previous
section, lowering the sulfate concentration to 5 mM and decreas-
ing the sample pH from 6.0 to 5.0 increase the intensities of the
unassigned extra peaks. As shown in Figure 2, there are
approximately 50 unassigned peaks (colored red) present in the
spectrum, and most of them are located in the 8.0 to 8.5 ppm
region of the 'H spectrum. The presence of extra peaks means that
some residues in the folded P protein produce two (or multiple)
cross-peaks in the HSQC spectrum. Therefore, the residues in
P protein can be classified into three types. Residues that have only
one peak are in fast exchange (Aw < k) between the alternative
and folded states. In the limit, Aw is equal to 0, implying that the
magnetic environments of those residues in the alternative and
folded states are similar or even the same. Residues that produce
no detectable HSQC resonances presumably correspond to sites in
intermediate exchange (Aw = k) between the different conforma-
tional states. The sensitivity of the INEPT coherence transfer steps
in the HSQC pulse sequence to chemical exchange processes (45)
and severe line broadening (46) both contribute to a severe loss of
peak intensity in this regime. Residues that can be assigned to two
peaks correspond to sites in slow exchange (Aw > k) between the
alternative and folded states. The large difference in frequency
indicates that these residues are found in quite different magnetic
environments in the alternative and folded states.

Figure 3 shows the HSQC spectrum of P protein at the same
pH values used for Figure 2, but in the absence of sulfate. Under
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FIGURE 3: '"H—"N HSQC spectrum of '“N-labeled P protein in
20 mM sodium cacodylate at pH 5.0 and 25 °C. Sulfate is not present
in the sample, so P protein is predominantly unfolded. The peaks in
the spectrum are poorly dispersed compared to those of the folded P
protein spectrum in Figure 1. The peaks in the two circles form
patterns similar to those found in the folded P protein spectrum. The
intensities of these peaks are weaker than those of the remaining
unassigned resonances from unfolded P protein. The two insets show
the overlapped HSQC spectra of unfolded (black) and folded P
protein (red) in the circled regions. Labeled peaks are previously
assigned to residues in folded P protein.

these conditions, the protein is predominantly unfolded. This
spectrum is characteristic of unfolded polypeptides, but there are
two subsets of peaks (circled regions) whose positions are similar
to those of assigned resonances in the HSQC spectrum of sulfate-
folded P protein (10). As shown in Figure 3, the peaks in these
circled regions overlapped well between the unfolded and folded
conditions, which is strong evidence that these peaks correspond
to the same residues in the protein. The presence of assigned
peaks of folded P protein in the unfolded P protein spectrum can
be explained by the presence of a partially folded species that
exchanges slowly (7, > 1 s) with the fully unfolded protein. The
presence of extra peaks and missing residues in the sulfate-folded
state spectrum is evidence of the existence of one (or more)
alternative conformation that exchanges slowly with the folded
conformation. Taken together, both HSQC spectra are consis-
tent with the presence of an alternative structural conformation
that is in equilibrium between the unfolded and folded state. This
interpretation is supported by our folding kinetic studies of P
protein, which demonstrated that there is an intermediate state in
the P protein folding process (12). Although our previous kinetic
and equilibrium studies (/2) of TMAO-folded protein did not
involve ligand binding, similar studies of ligand induced folding
also show the presence of an intermediate species in the folding
process (unpublished data). Therefore, as a minimal complexity
model that is consistent with all of the experimental data, we have
assigned the alternative conformation found in the NMR spectra
collected under both folding and unfolding conditions to the
same partially folded intermediate state in the P protein folding
mechanism. Assignment of the extra peaks in the HSQC spec-
trum (Figure 2) allowed identification of residues in the unfolded
regions of the partially sulfate-folded intermediate.
Assignment of Extra Peaks in the Folded P Protein
HSQC Spectrum. To assign the extra peaks, a protein sample
in S mM sodium sulfate (pH 5.0) was chosen to intensify the extra
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FIGURE 4: Mapping of the residues assigned to extra HSQC reso-
nances on the crystal structure of folded P protein. The residues
colored blue are the extra peaks that are assigned in the study. The
residues colored dark gray are the residues that might have the extra
peaks but could not be unambiguously assigned. The remaining
residues colored green have a single resonance in the spectrum.

peaks. Standard multidimensional backbone assignment experi-
ments with °C- and '*N-labeled protein were performed, and a
total of 50 extra peaks were observed in the HSQC spectrum. The
clustering of the peaks in the 8—8.5 ppm 'H chemical shift range
resulted in partial overlap of many of the extra peaks. This
problem, combined with the relatively weak intensities of the
extra peaks, made their assignments more challenging to deter-
mine than those of the folded resonances. Combination of data
from HNCO (36), HN(CA)CO (37), and (HCA)CO(CA)NH (35)
experiments allowed the sequential assignments through the
BCO nuclei. The HNCACB (47) and CBCA(CO)NH (38)
experiments were also included to detect '*C, and 13Cﬁ reso-
nance, and the results further aid and validate the '*CO assign-
ment. There were some short stretches consisting of three to five
residues that could not be unambiguously assigned to definite
fragments in the protein sequence. To resolve this ambiguity, an
H(CCO)NH (39, 40) three-dimensional experiment was per-
formed to detect the side chain proton spin system of residue
i — 1, and subsequently, each fragment was assigned to its correct
sequence. This suite of experiments allowed for the assignment of
42 of the 50 observed extra peaks. Five of the remaining eight
peaks exhibited no "*C chemical shift connectivity to each other
or any of the peaks of the folded state. The chemical shifts for the
backbone atoms of the 42 assigned peaks and the eight unas-
signed peaks can be found in the Supporting Information.

Most of the extra peaks were assigned to residues located
near the N- and C-termini in the protein sequence. There is
one long N-terminal fragment from Leu 4 to Val 19, which is
halfway through helix A in the folded structure (Figure 4).
Four short fragments (Ala 91—Thr 95, Glu 98—GIn 104,
Leu 106—Arg 109, and Leu 112—Ser 116) are located in the
C-terminal region, which includes loop 2 and most of helix C.
A short fragment from Lys 52 to Ile 54 is located outside of
these two structural regions. Inspection of the chemical shifts
listed in Table S1 of the Supporting Information indicates that
many extra peaks assigned to the same residue type are clustered
near each other in the HSQC spectrum, which suggests that
these residues are located in a highly solvated magnetic environment
in the intermediate.
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FIGURE 5: Chemical shift analysis of the extra peaks in the folded P
protein HSQC spectrum. Data for residues 52—54 are colored light
green because their CSI values are larger than 2 ppm.

Chemical shift indices (CSIs) for '*C,, and 13Cﬁ assignments
can be used to deduce secondary structure from established
empirical relationships (48, 49). °C,, resonances experience a
downlfield shift relative to random-coil shifts in a-helical con-
formations, and the '*C,, chemical shift is typically upfield of
random-coil shifts when the residue is in a f-strand conforma-
tion. The chemical shift index values as a function of protein
sequence for '*C, and 13C,3 atoms of the extra peaks are shown in
Figure 5. The N-terminal region of folded P protein is a flexible
structure followed by helix A to residue S25. Most of the "*C,
CSI values of the stretch of 18 assigned extra peaks in this region
are smaller than 1 ppm, and there is no significant deviation from
random-coil shifts, indicating that these residues have a random-
coil-like structure in the intermediate state. Extra peaks assigned
to residues found in the C-terminal helix C region of the folded
state have °C,, CSI values indicative of random coil, supporting
the conclusion that this region of the intermediate state is also
unfolded. The 13Cﬁ CSI values are consistent with these conclu-
sions. For the extra peaks assigned to these two regions, the
differences in chemical shifts from the folded state assignments
are greater than 3 ppm. The three residues in the middle of the
sequence in Figure 5 are colored light green to indicate that their
CSI values are not consistent between *Cy, and '* Cg, and some of
them are larger than 2 ppm. Low chemical shift dispersion of the
extra peak "H—'"N HSQC resonances and their low °C,, and
*Cy CSI values are consistent with the conclusion that these
residues are unfolded in the partially folded intermediate. In
addition, TALOS+ (50) uses available chemical shifts (Hg, HN,
H, Cq, Cg, and CO) to calculate a random-coil index (RCI) and
predict the secondary structure. The secondary structure predic-
tion from TALOS+ is consistent with CSI values. The order
parameter (S%) prediction from the program shows these regions
are dynamic (S* < 0.5), which agrees with the fact that these
residues are in the unfolded state.

Effect of Histidine Replacement in P Protein. As shownin
Figure 3, the presence of assigned peaks of the folded state in the
unfolded P protein spectrum can be explained by the presence of
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FIGURE 6: '"H—""N HSQC spectrum of the '"N-labeled F107W
variant of P protein in 20 mM sodium cacodylate at pH 6.0 and
25 °C. The peaks in the spectrum are as poorly dispersed as those of
unfolded WT P protein shown in Figure 3. The peaks in the two
circles are assigned folded state P protein residues also present in the
unfolded P protein spectrum. The intensities of these peaks are
weaker than those of the remaining unassigned peaks of unfolded P
protein.

the intermediate state, which exchanges slowly with the unfolded
state. To investigate how the histidine residues in the protein
perturb the equilibrium between the U and I states, we con-
structed different single His to Lys variants (H3K, H22K, and
H105K) and a triple His to Lys variant (HtriK) to study the
effects. These variants were made in the background of the
F107W variant to allow both NMR and fluorescence stopped-
flow experiments. Because the F107W substitution has little
effect on the overall structure and stability of P protein, the
"H—""N HSQC spectrum of unfolded F107W is similar to that of
the wild type (WT), including the peaks of the folded state
observed in the unfolded WT spectrum (circled area in Figure 6).
A series of pH titration experiments from pH 5.0 to 7.0 monitored
by HSQC spectra were performed to investigate the effect of pH
on the equilibrium between the U and I states. As shown in
Figure 7A, when the pH is increased from 5.0 to 7.0, the inten-
sities of the foldedlike peaks due to I also increase. This means
that the relative population of I increases as the pH increases.
These results suggest that the ionization of histidine residues in
the P protein affects the equilibrium transition between U and I,
because the histidine side chain is the only likely titratable group
in this pH range. The HtriK variant was constructed to mimic the
charge state of the F107W variant at pH 5.0, because the
histidines are more than 80% protonated (>93% for His 22
and >82% for His 105) and carry a positive charge at that pH.
As shown in Figure 7B, the HtriK substitutions almost com-
pletely abolish the intensities of the peaks of the folded state in the
HSQC spectrum, which is now independent of pH. This is the
expected result if the extra charge on the variant depopulates I.
Because P protein is a highly basic protein containing 19 Lys and
11 Arg residues, introducing three more Lys residues into the
protein increases the level of electrostatic repulsion in the fully or
partially folded forms, favoring the unfolded state of the protein.

Subsequent pH titration experiments were performed on each
single H — K variant to determine which histidine residue(s)
accounts for the observed effects. As shown in Figure 7C—E, the

Biochemistry, Vol. 49, No. 44, 2010 9433

113.0
A
118.04

123.0+

128.01

113.0

118.04

123.04

128.04

113.0

118.0 4
15\

(ppm)
123.0 -

128.0 4

113.0

118.0 1

123.0 4

128.0 - ® 0 H3K

113.0

118.0

123.0

128.0

9.0 8.0 7.0
'N (ppm)

FiGure 7: HSQC spectra of various histidine variants of P protein
under unfolding conditions at three pH values. The pH titration
experiments were conducted at pH 5.0 (orange), 6.0 (red), and 7.0
(black) for each variant. The name of the variant is in the bottom right
corner of each plot. The spectra are overlaid, and the peaks in the
circled area are assigned peaks of the folded state of FI07W. As
shown in the plots, the intensities of the peaks in the circled area
increase as the pH increases.

HSQC spectrum of the H22K variant is nearly the same as that of
the HtriK variant, suggesting that protonation of this histidine,
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located at the end of helix A, is the source of the pH dependence
of the U—T equilibrium. The spectrum of HI05K shows a pH
dependence similar to that of F107W, indicating that the
protonation of His 105 has little effect on the stability of I. The
pH dependence of peak intensities in the H3K variant spectrum
shows that His 3 does have an effect on the population of I, but
the effect is smaller than that of His 22.

On the basis of the pH titration experiments performed with
these different variants, we conclude that as the pH is increased
from 5 to 7, the equilibrium between U and I is shifted toward I
primarily by the deprotonation of His 22, with some contribution
from His 3 and little or none from His 105.

Identification of Ligand Binding Sites by PRE. Our
previous studies showed that the stoichiometry of binding of
an anion to P protein is 2 and proposed the locations of the two
high-affinity binding sites responsible for the folding-coupled
binding transition of P protein (43). The electron density of one
sulfate was clearly observed by X-ray crystallography near the
N-terminus, with sulfate coordinated by His 3, Arg 9, and Arg
68 (51). We later proposed that the second site is located near Arg
88 and Lys 89, although Stams et al. had assigned the observed
electron density at that site to a water molecule instead of a
sulfate ion. To identify the anion binding sites more definitively,
we used paramagnetic relaxation enhancement (PRE) NMR
experiments. PRE is caused by magnetic dipole interactions
between a nucleus and the unpaired electrons (52) and results
in an increase in the relaxation rate of the nuclear magnetization.
Its magnitude is proportional to (r~°) (where r is the distance
between the nucleus of interest and the paramagnetic center) (53).
As a result of the large magnetic moment of an unpaired electron,
the effect of the PRE can be detected at a fairly long range (1524
A). Previous studies used the paramagnetic hexacyanochromate-
(I1T) ion {[Cr(CN)e]*"} to probe the active site of RNase A (54)
and the anion binding site of phosphoglycerate kinase (55). We
have used the same anion for the PRE studies of the P protein
anion binding site.

The apparent affinity of P protein for [Cr(CN)¢]>~ was
determined by CD-detected titration, with this ligand yielding
an apparent Ky of approximately 20 uM (data not shown),
consistent with the high-affinity binding expected for a trivalent
anion. Subsequently, [Cr(CN)]*~ titration experiments monitored
via the "H—""N HSQC spectrum were performed to identify the P
protein residues in the proximity of the anion binding sites. The
initial NMR sample contained 200 4uM folded P protein in 20 mM
sulfate (pH 6.5). [Cr(CN)¢]*~ was added to the sample at concen-
trations ranging from 2.5 to 100 uM. Because [Cr(CN)4]*~ is more
tightly bound than sulfate, 2.5 uM [Cr(CN)¢J*~ was sufficient to
displace some of the bound sulfate. It is also reasonable to assume
that the on rates of the paramagnetic ligand are diffusion-limited
(at least 10° M~" s™"). Under these conditions, there would be at
least 20 [Cr(CN)4]*~ binding events within the 7' of the 'H or °N
spins. Thus, even if the population of the sites with [Cr(CN)¢J* is
small (<1%), this minor species can still strongly affect the apparent
relaxation rate and cause line broadening of the "H—""N HSQC
resonances from the backbone amides of nearby residues. Figure 8
shows HSQC spectra from the [Cr(CN)¢]*>~ titration experiments.
With the addition of the [Cr(CN)*~ ion, the amide peak inten-
sities of the residues that are in vicinity of the binding sites start to
decrease or completely broaden out. These residues are labeled in
Figure 8. The degree of the intensity decrease of a residue as a
function of [Ct(CN)g]*~ concentration provides information about
the distance between the amide and the paramagnetic center. The
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FiGure 8: "H—""N HSQC spectrum of folded P protein in various
concentrations of K3[Cr(CN)g]. The protein concentration was 200 uM
with 20 mM sulfate in 20 mM cacodylate buffer (pH 6.5). The
[Cr(CN)e]*~ concentration ranged from 2.5 to 50 uM. The spectra
at [Cr(CN)g]*~ concentrations of >50 zM are not shown in the plot.
Higher concentrations of [Cr(CN)]>~ broaden the resonances of many
residues, which may result from nonspecific binding of [Cr(CN)¢J>~,
thereby masking the effects due binding at the two high-affinity sites.

_Loop 3

Loop 2

FIGURE 9: PRE results mapped on the P protein crystal structure.
The results of the NMR PRE experiments show two regions of P
protein involved in the anion binding. The color of each residue
indicates the [Cr(CN)¢]*~ concentration at which the associated reso-
nance intensity is affected: red for 2.5 uM, orange for 5—10 uM, and
yellow for 25—50 uM. Residues colored gray correspond to reso-
nances already missing in the 0 M [Cr(CN)]*~ HSQC spectrum,
prolines, or unresolved peaks. Residues colored green are unaffected
by [Cr(CN)]*™ between 2.5 and 100 M.

lower the [Cr(CN)¢]>~ concentration needed to broaden the peak,
the closer the residue is to the binding site. As seen in Figure 9,
mapping the affected residues to the structure of the P protein
identified two anion binding sites as expected. In general, the PRE
NMR results agree with the previously proposed anion binding
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sites, especially the one located in the N-terminal region. The other
site is also close to the previously proposed site, but Lys 89 and Lys
52 amide resonances were more strongly affected by the para-
magnetic anion than the Arg 88 amide. This suggests that the
second anion binding site might be close to the loop 2 and loop 3
regions indicated in Figure 9, rather than the loop 1 and loop 2
region as previously proposed (43).

DISCUSSION

Structural Description of the Intermediate State. Figure 4
shows the residues assigned to the extra peaks present in the
folded P protein "H—"*N HSQC spectrum mapped on the crystal
structure of P protein. The extra peak residues are colored blue
on the structure, and most are located in the N-terminal (residues
3—19) and C-terminal (residues 91—116) regions. Three of the
extra peaks were assigned to Lys 52—Ile 54, which are located in
the middle of loop 3. The low chemical shift dispersion of the
extra 'H—""N HSQC resonances and their low '*C, and 13Cﬁ CSI
values indicate that the associated residues are part of the
random-coil-like structure in I. It should be noted that each of
the assigned residues in these three regions has two separate
cross-peaks in the HSQC spectrum. One peak corresponds to the
folded state resonance assigned in previous studies (10, 56), and
the other corresponds to a resonance whose magnetic environ-
ment appears to be very similar to that of an unfolded protein.
No extra peaks were assigned to the residues colored green in
Figure 4, suggesting that these residues retain a foldedlike
magnetic environment in both the intermediate and folded states.
The residues colored dark gray in Figure 4 (Phe 20, Lys 21, His
22, Tyr 96, Glu 97, His 105, Ser 110, and Ser 111) are near the
N- and C-termini but cannot be unambiguously assigned to any
of the extra peaks. Residues unfolded in I would not have an
extra peak if the differences between their folded and unfolded
frequencies are small, i.e., if their folded state frequencies happen
to be near the random-coil values. This might be the case for
residues 20—22, 105, 110, and 111, because their folded state '"H
chemical shifts are between 8 and 8.5 ppm, near the random-coil
values. This explanation, however, is not valid for Tyr 96 and Glu
97, because their 'H chemical shifts are downfield at 9.7 and 9.5
ppm, respectively. An alternative explanation could be that
because only 42 of 50 extra peaks have been assigned, the eight
remaining unassigned peaks might correspond to these residues.
The intensities of these unassigned peaks are weakest among the
extra peaks in the HSQC spectrum, and they correspond to even
weaker or missing cross-peaks in the three-dimensional hetero-
nuclear triple-resonance experiments. Therefore, it was difficult
to obtain sequential assignments for these eight peaks. An ideal
solution would be assignment of the spectrum of completely
unfolded P protein allowing the identification of the remaining
unassigned peaks. The last possibility is that these eight peaks
belong to residues outside the N- and C-terminal regions and
could be some of the residues colored dark green in Figure 4. On
the basis of the results of the NMR experiments, the likely
structure of the intermediate includes a foldedlike central 3-sheet
and o-helix B with the N-terminal region through helix A and the
C-terminal helix C unfolded.

Reconsideration of Previous Dynamic and Amide— Hydrogen
Exchange Data. Previous backbone dynamics studies of P protein
demonstrated the conformational heterogeneity of P protein under
sulfate-folded conditions. A significant R.,, the conformational
exchange contribution of R,, was found for some residues in
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N- and C-terminal regions. These are the same regions that are
unfolded in the intermediate state. On this basis, we propose that
the previously observed R., values might be due to the folding
and unfolding of helix A and helix C to form I under conditions that
mostly populate the folded protein. Some residues in the RNR
motif of P protein exhibit significant Ry values but are not unfolded
in the intermediate conformation we propose. These could corre-
spond to the eight unassigned extra peaks in the HSQC spectrum.

Our previous studies have shown that there are two anion
binding sites in P protein (43). In principle, each state (U, I, and
N) can bind either one or two ligands (L) (e.g., IL, IL,, NL, and
NL,). Hydrogen exchange (HX) studies showed that the ligand
concentration could highly perturb the exchange pathway (56).
In the presence of 20 mM sulfate, the primary routes of HX are
principally through N and NL (singly liganded folded state). In
200 mM sulfate, the primary routes of HX change and are
through NL and NL, states. However, in this previous exchange
scheme, the intermediate state was not included in the analysis. If
the intermediate state is taken into account, it is very likely that
the HX from I or IL (singly liganded I) is more significant than
the HX from N and NL. This mechanism may be particularly
dominant at low ligand concentrations, because the population
of IL is significant at 20 mM sulfate (the population of I with IL
and IL, is ~5% of the total protein). Under the experimental
conditions used to assign the extra peaks (5 mM sulfate), the total
population of I is ~10% of the total protein (unpublished).
Therefore, the intermediate state likely plays a major role in the
HX pathway of P protein. Because our previous studies did not
recognize the existence of an intermediate, the mechanisms of
exchange presented were probably incomplete.

Unstructured N- and C-Termini of I May Fold Indepen-
dently to N. As shown in Figure 4, a-helix A and o-helix C are
spatially separated from each other. It is possible that the two o-
helices fold independently, which would lead to three intermedi-
ate states: both helices unfolded, helix A unfolded, and helix B
unfolded. There are some hints in the data that this might be the
case. As shown in Figure 1A, as additional sulfate is added to P
protein all the extra peaks disappear at roughly the same sulfate
concentration. However, a more detailed comparison of the extra
peaks from the N- and C-termini indicates that the C-terminal
residues completely disappear between 10 and 20 mM, and
N-terminal residues completely disappear above 20 mM. In
addition, the HSQC peaks in the folded state spectrum that
appear to correspond to the peaks in the unfolded state spectrum
were previously assigned to residues Glu 97, Glu 98, and Lys 101
(circled regions in Figure 3). These residues are close to the
C-terminal helix and are observed as extra peaks in the sulfate-
folded spectrum. Thus, the population of intermediate species
with helix A unfolded and helix C folded appears to exceed that
of the other two intermediate species under some conditions. The
kinetic mechanism developed in our previous kinetic studies (/2)
of P protein is the simplest mechanistic model consistent with the
experimental data. If the folding rate constants of N-terminal and
C-terminal helices are similar to each other, the kinetic experi-
ments would be unable to distinguish multiple intermediate
conformations. For this reason, we will still treat I as a single
thermodynamic state with incompletely characterized conforma-
tional heterogeneity.

Effect of Histidine Ionization on Conformational Equilib-
ria. The results of the pH titration of the various H — K
variants indicate that ionization of both His 3 and His 22 perturbs
the relative populations of U and I between pH 5.0 and 7.0 and
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His 22 has a major effect on this equilibrium. Because only three
different pH values were examined for each variant, the NMR
experiments provide only qualitative information about the effect
of histidine ionization on the stability of U and I. As shown in
Figures 3 and 7, the effect of increasing pH (i.e., deprotonating
the histidines) is to shift the I-N conformational equilibrium
toward N in the presence of sulfate and the U—I equilibrium
toward I in the absence of sulfate. These effects likely arise from
unfavorable electrostatic interactions in more compact forms of
the protein. At pH 5.0 in the absence of sulfate, the repulsive
forces due to additional net positive charge from the protonated
histidine residues presumably increase the free energy of I relative
to that of the less compact U, so P protein favors the U state.
When the pH is increased, the neutralization of the histidines
relieves some repulsive forces and lowers the free energy of I
relative to U. The same principle can be used to explain the effect
of pH on the I—N equilibrium in the presence of sulfate.

To obtain more quantitative estimates of the effect of pH on U,
I, and N free energies in F107W and the histidine variants, a more
finely stepped pH titration followed by NMR is necessary. The
relative populations of U and I could be estimated as a function
of pH using the relative peak intensities in the HSQC spectrum
for each variant. In addition, the chemical shifts of the '3C,-'H
spin pair in selectively labeled His side chains would provide a
sensitive probe for the pK, of each. Thermodynamic coupling
between His proton binding and protein conformational change
would allow quantitative estimation of the energetic contribu-
tions of electrostatic interactions in conformational equilibria.

Ligand Interactions and Biological Relevance of the
Intermediate State. The results of the PRE NMR experiments,
summarized in Figure 9, showed good agreement with the
previously modeled binding sites in the P protein (43). Leu 4,
Lys 6, and Arg9 in the N-terminal region are strongly affected by
the paramagnetic anions, indicating that they are in the proximity
of the sulfate binding site (formed by the His 3, Arg 9, and Arg 68
side chains) observed in the crystal structure (57). The cross-peak
of His 3 is missing in the '"H—""N HSQC spectrum, and the cross-
peak of Arg 68 is overlapped with other two strong peaks, Ser 116
and Ser 117. For these reasons, the PRE of H3 and R68 could not
be determined, and they are accordingly colored gray in Figure 9.
The second binding region probed by paramagnetic anion is also
close to the previously proposed region (43), based on excess
electron density observed in water 108 in the crystal structure (57).
Interestingly, Lys 89 (colored red) is affected most strongly by the
paramagnetic anion, followed by Lys 52 (colored orange). Arg 88
(colored yellow) is actually less affected than either Lys 89 or
Lys 52. These results point out some discrepancies between the
crystal structure shown in Figure 9 and the PRE NMR data. In
the crystal structure, the amide group of Lys 53 is closer to that of
Lys 89 than to the Lys 52 amide. However, the peak intensity of
Lys 52 is broadened out at lower concentrations of the para-
magnetic anion compared to that of Lys 53, indicating that the
amide group of Lys 52 is closer to Lys §9. The loop region
between residues 51 and 60 has the highest B factor values in the
crystal structure, suggesting that the loop has significant flex-
ibility (57). The loop orientation observed in the crystal structure
may be one of several conformations of this region present in
solution. On the basis of the PRE NMR experiments, we
conclude that Lys 89 and Lys 52 likely play an important role
in forming the second anion binding site of P protein.

On the basis of our proposed structure of the intermediate
state, only one high-affinity anion binding site would be present
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in the forms of the intermediate lacking the N-terminal helix.
This conclusion is supported by our ligand-induced folding
kinetics data (manuscript in preparation), which suggests that
one anion ligand binds with much higher affinity to the partially
folded intermediate than the other. Interestingly, the majority of
helix B and the central -sheet are formed in the intermediate
state. Helix B contains the conserved RNR motif in the P
protein and has many crucial contacts with P RNA (57). The
central f-sheet also has many interactions with the pre-tRNA
leading sequence during catalysis (38, 59). Given the preserva-
tion of the structural elements key to RNA interactions in the
intermediate state, these regions may represent the functional
core of the protein and may be key to the holoenzyme assembly
process. Moreover, the population of I under physiological
conditions that is surrounded by different anions will also be
important to the process. Future mechanistic studies of holo-
enzyme assembly will be aimed at delineating the role of the
partially folded intermediate ensemble in this process.
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SUPPORTING INFORMATION AVAILABLE

Chemical shifts of backbone NH, N, CO, C,, and Cg atoms of
the extra peaks in the folded P protein spectra (Table S1) and
titration curves of His 22 and His 105 between pH 5 and 8
monitored by nitrogen chemical shifts from "N HSQC spectra
(Figure S1). This material is available free of charge via the
Internet at http://pubs.acs.org.
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