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ABSTRACT: Interconversion of protein conformations is imperative to function, as evidenced by confor-
mational changes associated with enzyme catalytic cycles, ligand binding and post-translational
modifications. In this study, we uséeN NMR relaxation experiments to probe the fast (i.e5-ps) and

slow (i.e.,us—ms) conformational dynamics &acillus subtilisribonuclease P protein (P protein) in its
folded state, bound to two sulfate anions. Using the Lip&dabo mapping method [Andrec, M.,
Montelione, G. T., and Levy, R. M. (200Q) Biomol. NMR 1883—100] to interpret the data, we find
evidence for P protein dynamics on the-ms time scale in the ensemble. The residues that exhibit these
slow internal motions are found in regions that have been previously identified as part of the P-plPotein
RNA interface. These results suggest that structural flexibility within the P protein ensemble may be
important for proper RNase P holoenzyme assembly and/or catalysis.

Ribonucleoprotein (RNP) complexes are involved in a best described as an “induced fit", a “conformational
wide variety of critical cellular processes including transla- capture”, or a “ligand-induced conformational change”
tion, mRNA splicing, telomere maintenance, membrane process. All of these terms describe local intramolecular
targeting, and tRNA maturation. However, the thermody- changes thermodynamically coupled to intermolecular in-
namic and kinetic principles that drive and stabilize the teraction 7).
formation of RNP architectures are poorly understood. From a statistical mechanical point of view, a protein
Generally, RNA tertiary structure is relatively unstabl¢ ( conformational state consists of an ensemble of structures.
so one major role of the protein is to facilitate proper RNA  The population of each member of this ensemble is deter-
folding and/or stabilize active ribozyme conformations. This mined by its individual free energy9). Thus even in the
is the case for the group I self-splicing intron bl5 from yeast apsence of ligand, conformations with high affinity for a
mitochondria, which requires the presence of the protein ligand may already exist within the protein ensemble, even
cofactor CBP2 to stabilize the active ribozyme conformation if they have h|gh energy and are therefore p00r|y popu|ated_
under physiological condition2(3). Alternatively, RNA  |ijgands, such as RNA, can specifically bind the poorly
can provide the stable structural scaffold onto which an populated, ligand-complementary conformation. Binding to
unstable protein can fold. Examples of this phenomenon this conformation removes it from the unbound ensemble
include the N protein from bacteriophageand the M causing repopulation of binding-competent conformations
domain ofEscherichia coliFfh. N protein is unstructured  from binding-incompetent ones.
in the absence of its binding partner, however it forms a |t the energy difference separating various protein con-
local a-helical structure upon binding box B RNAL(S).  formational states is sufficiently low, poorly populated
The M domain is a molten globule sensitive to proteolysis; ¢qonformations may be observed under solution NMR condi-
however, binding of 4.5S RNA causes the M domain 10 isns (10, 11). An example of this phenomenon is the
fold into a unique folded structure that is resistant to N-terminal RNA recognition domain (RRM) of human U1A
protease treatment6). Thus, the strategies to stabilize binding to the 3UTR of ULA mRNA. In the absence of
specific RNP complexes are diverse. However, one commongna hackbone and side-chain relaxation experiments reveal
feature in almost every RNAprotein interaction studied  .gnformational heterogeneity on thes—ms time scale in
to date is the presence of a conformational change in they,q regions that bind RNA (loop 3); U1A has multiple
protein subunit, in the RNA subunit, or in both macromol- ,nhtormations within the native state ensemble. These
ecules (for review, se€l{7, 8)). Thus, RNP assembly i mqtions are quenched upon RNA binding which suggests
that ULA maintains a rigid structure upon complex formation
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ms time scale (e.g., local/global conformational changes) (for Data ProcessingAll spectra were processed using nmr-
review, see 10, 14—16)). Pipe @1). The'H dimension was zero-filled to 4096 points
Here, we use NMR spectroscopy to probe the internal while the indirectly detectet?N dimension was zero-filled
motional properties ofBacillus subtilis ribonuclease P to 512 points. Both dimensions were apodized with shifted
(RNase P) protein (P protein) over a wide range of time sine-bell functions, Fourier-transformed, and the amide
scales. P protein is the noncatalytic, highly basic protein that proton region was extracted for a final 2048l x 512 ¢°N)
associates with its cognate P RNA ribozyme to form the matrix. The processed spectra were analyzed with nmrDraw
RNase P holoenzyme. RNase P is the endoribonucleas€31) to verify cross peak phases. Finally, cross peak
responsible for the 'Smaturation of precursor-tRNA (pre- intensities were measured and tabulated by nmrViegy. (
tRNA) transcripts (for review, seel{, 18)). Although P The T, and T, times were obtained by fitting the cross
protein does not contain the catalytic components of RNasepeak intensity over the time delay seri¢§), to a two-
P, it is essential foin vivo catalysis 19). P protein has also  parameter single-exponential decay functitih= 1(0) exp-
been shown to stabilize P RNA structugd{-22), modulate (—t/T1 ) wherel(0) is the best-fit value for the peak intensity
substrate specificity 28), and enhance the affinity of atzerotime. Nonlinear least-squares fit analysis was achieved
magnesium ions required for catalys®). P protein also using Kaleidagraph (Synergy Software, Reading, PA), and
enhances RNase P holoenzyme catalytic efficiency throughthe standard errors for the relaxation times were determined
the direct interaction of the protein with the€-I&ader from the uncertainty of the fits. The avera@eandT, times
sequence of pre-tRNA26—27). were calculated from the best fits to the replicate time
Like many of the systems described above, P protein is series and the standard error was propagated accordingly.
unstable in the absence of ligand, but folds to a stable nativeThe steady-state NOE was determined from the peak
state when bound to RNA or small multivalent aniot#! intensity ratio of the NOE spectrum over the noNOE
relaxation experiments were carried out to probe the local spectrum. The finat®N{*H}-NOE and the corresponding
backbone fluctuations of P protein refolded in 20 mM sulfate. uncertainty was determined from the average of the triplicate
Using the Lipari-Szabo mapping metho@®) to interpret ratios.
the data, we find the presence of conformational heterogene- Analysis of Relaxation Dataia Reduced Spectral Density
ity (i.e., motions) on th@s—ms time scale in the native state Mapping.The dependences 8IN-R;, 1N-R;, and*>N{H}-
ensemble. These residues map onto a specific region of PNOE on the spectral density function for the amiéld—1H
protein’s surface. This surface correlates with the putative spin pair are 3, 34)
P protein-P RNA interface suggesting that the motions _1 2
within the native ensemble may be important for proper R, (=T, %) = ([d7/4)[Hwy — wy) +
RNase P holoenzyme assembly and/or catalysis. 3(wy) + 6J(wy + wy)] + c? J(wy) (1)

EXPERIMENTAL PROCEDURES R, (=T, )= (d2/8)[4J(0) + Jwy — wy) + 3)(wy) +

Sample PreparationThe overexpression, purification, 2
qualitative purity analyses, and quantitation'@fi-labeled 63(p) + 63wy + o] + (CT6)[3Xwy) + 4O (2)

P protein {°N-P protein) has been described elsewha. ( NOE = 1 + (d%4)(y,/y,)[6 3wy + ) —
The sample used fofN backbone relaxation experiments HIN H 3‘ . T (3
contained~1 mM 1*N-P protein, 20 mM sodium sulfate, (@n = on)Ty (3)

0.02% (wt/vol) sodium azide, 10 mM sodium cacodylate (pH _ 2 3

6), and 20ug/mL TMSP in 90% HO/10% D,O. A= Tughyny/ ()] gD )
NMR SpectroscopyAll 5N relaxation experiments were c=Aw /(31/2)) (5)

performed at 25C on a Varian INOVA 600 MHz spec- N

trometer equipped with a shieldedield gradient coil. The The parameterd andc reflect the magnitude of the amide

gradient-enhanced, sensitivity-enhané®tirelaxation pulse ~ NH bond dipolar coupling interaction and the chemical shift
sequences developed by Kay and co-worke@ \{vere used. anisotropy respectively. In eq 4, is the permeability of
Longitudinal relaxation timesl;, were determined using the  free spaceynn are the gyromagnetic ratios for thie and

eight inversion recovery delay times in the following order: the >N nuclei, h is Plank’s constant, and is the length

274, 33, 1214, 503, 66, 810, 131, and 1991 ms. Transverseof the amide bond. In eq 5\ is the >N chemical shift
relaxation timesT,, were determined using the following anisotropy. The amide bond vector distamge was taken
seven CPMG delay times in the exact order: 186, 16, 93, to be 1.02 A, and théN chemical shift anisotropy term

248, 62, 124, and 30 ms. Both the and T, series of was taken to be 160 ppr3%). Therefore, thel andc values
relaxation experiments were performed twice. Steady-statewere calculated to be-7.21 x 10* Hz and—-3.53 x 10
I5N{'H}-NOE values were determined from spectra that were Hz, respectively, for experiments carried out on a 600 MHz
recorded with (NOE) and without (noNQEa 3 s H- (14.1 T) spectrometed(w), the spectral density function, is
presaturation delay period within the recycle delay. NOE and a spectral analyzer that expresses the probability distribution
noNOE spectra were collected in triplicate. All of the spectra of motional frequencies experienced by (amide NH) bond
were recorded with 2048 256 complex points; 16 transients  vectors undergoing stochastic processes. Therefore, the three
were used per increment in tiig and T, experiments while experimentally measured relaxation parameters can be
eight scans were used per increment for the noNOE and theconsidered as “sampling”, or “mapping onto”, the spectral
NOE spectra. Spectral windows of 10000 and 1500 Hz were density function at the five specific frequenciez!,(36).

used for the'H-dimension and thé>N-dimension respec- It is clear from egs 43 that the determination of three
tively. relaxation parameters at one spectrometer frequency does
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Ficure 1. Backbone dynamics of P protein refolded in 20 mM sulfate basedmelaxation datal®N longitudinal (A) and transverse
(B) relaxation rates antPN{'H}-NOE values (C) are plotted as a function of residue number. The relaxation data was recorded on a 14.1
T (600 MHz) spectrometer. Secondary structural elements identified in the crystal structure of P @@teaire (shown schematically.

not allow for the precise solution of the five spectral densities. protein or ligand or salt concentration, and temperature) did
However, previous studies have demonstrated that thenot resultin the observation of any of the missing resonances
contributions of the high-frequency term¥wy), J(wn + (Table S1, Supporting Information). One possible explanation
wn), and J(wny — wn), to the relaxation rates are roughly for missing resonances is chemical exchange between two
equivalent 87, 38). Therefore, all of the high-frequency (or more) conformations on the microsecond to millisecond
spectral densities (i.eJ(wy) and Jwn + wn)) can be time scale. To characterize these and other time scale
substituted by a single spectral density tedtwy). This dynamics, the standard set'& relaxation experiments,
“reduced spectral density mapping” methd@b,(39) then T,, and®N{H}-NOE) were carried out on sulfate-refolded
permits the facile analytical calculation 80), J(wy), and P protein.

J(wn) from a single set of, T, and*N{*H}-NOE values. The observed change in amide cross peak intensity is well
Furthermore, the single high-frequency spectral density term yegcerined by the two-parameter single-exponential decay
's glven as)(0.87%vy) under the approximation thafw) ~ equation for the!®N-T; and 15N-T, experiments. Best-fit
lw® (Method 1 in 86)). The resulting expressions f00), 3 1yes forT, and T, were averaged over two replicates: the
J(wn), andJ(0.87wy) are then derived through the inversion  gyanqard error for the average relaxation times was deter-
of egs 1-3. mined to be~2% and~3% respectively. The steady-state

5 IN{*H}-NOE was derived from the peak intensity ratio of
J(0.87,)) = Ry(NOE — 1)(y\/yn)(4/5Md (6) amide NH cross peaks in the presence é&flaresaturation
_ 2 2 2 pulse to those without the pulse. The experiment was run in
Hwy) ={Ry = J0.87w,,)(7d” —A} A (3d/4) + ¢} (7) triplicate, and the averageN{!H}-NOE is reported; the
J0)={R, - J(a)N)(3d2/8+ 12) — standard error for the averag}EN{ IH}-NOE values was
~9%. The observed®N relaxation parameters for the 99
J(0.87w,)(137/8)} {o’/2 + 2¢%3} (8)  well-resolved residues are shown in Figures—ia (see
Table S2, Supporting Information for the corresponding
The errors from the relaxation parameters were propagateddata). The average values fgr, R, and15N{H}-NOE are
(40) to calculate the uncertainty of the spectral densities. 129 + 0.07 s, 13.36 = 3.13 s, and 0.72+ 0.24
respectively. There is not much deviation from the average
RESULTS R; value among residues except at the N- and C-terminus,
The *H and **N chemical shift frequencies have been Wwhere R; is higher and lower, respectively. Relatively
determined for all 111 backbone amide NH groups that give constanR; values are commonly observed, and it is generally
rise to cross peaks in the HSQC spectrum of P protein. difficult to interpret the motions that give rise to the subtle
Although there are 118 residues in tBesubtilisversion of deviations from théz; average. In contrast, excursions from
P protein, three residues are not expected to give rise to crosghe averagé?, and NOE values lend a more direct interpre-
peaks (P39, P90, and the Mkerminal A2) and four more  tation of internal amide NH bond motions. For example, the
residues are not present in any type of backbone assignmentower-than-average NOE values found at the termini of P
experiment (H3, R7, N13, and E14). Several pairs of residuesprotein are likely to be caused by increased motions on the
have overlapping cross peaks (Q17/E40, S25/167, R29/F31,ps—ns time scale; low and sometimes negattole{'H}-
R65/L103, R68/S117, and E74/E98) and were removed from NOEs are observed for disordered regions. Elevdged

subsequent analysis. TH# relaxation rates ant?N{H} - values, which are indicative of conformational processes on
NOEs for the remaining 99 well-resolved resonances arethe us—ms time scale, are observed for two residues (L44
reported. and R45) at the intersection of the metal-binding loop and

Backboné®N RelaxationFour of the missing resonances fS-strand 3 intersection and one position witlfirstrand 4
correspond to residues found within the first thirteen residues (184). High R, values are also observed for three residues
of P protein. An extensive screen of solution conditions (pH, within the first 13 residues (K5, N8 and K11), which, in
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Ficure 2: Reduced spectral density mapping analysis of P protein usingftheelaxation data in Figure 1 and eqs-®. The spectral

density function is sampled at three frequencies, 0, 60.8, and 521.8 MHz; the latter two values corresgpaddd.8%y on the 600

MHz spectrometer used to collect the data. The spectral den¥fiisw), J(wn), andJ(0) are displayed as a function of protein sequence

in (A), (B), and (C) respectively. Note that the magnitudes of the spectral densities vary by several orders of magnitude. The secondary
structure of P protein is shown as in Figure 1.

combination with the four missing amide peaks, provides does permit the deconvolution of the relative effect of these
strong evidence for conformational heterogeneity at the motions on'®N relaxation. This approach assumes a simple
N-terminus of P protein on thes—ms time scale. mathematical relationship between the spectral density func-

Reduced Spectral Density Mappirhe observed relax- tion a_nd the rates a_md relative _magnitudes of ove_rall protein
ation rates are dependent on motions whose frequencies var}“_mb“r‘g and the internal amide NH bond motions. The
over several orders of magnitude (eqs3). Therefore, the Simple model-free” (SMF) equation givekw) as the sum
reduced spectral density mapping approach (see Experimentaf two Lorentzian functions:

Procedures) was applied to extract the relative contributions

of motions aw = 0, wy, and 0.8%y to N relaxation rates.  J(@) = (2/5)[ St/(1 + (wr))} +

The J(0.87wy), J(wn), and J(O) spectral density values _ 2

observed for each resonance are shown in Figures@A @ Sz) 71+ (@09 ©)

(see Table S3, Supporting Information for the corresponding herer, is the global tumbling correlation timef is the
data). Generally, there is little deviation in the spectral generalized order parameter that describes the degree of
densities of individual residues from the average values OVergpatial restriction of the NH bond vector whose internal
the length of the protein. The averaged), J(wn), and motions are described by the effective correlation tirpe
J(0.87wy) values are 4.2% 1.03, 0.242+ 0.018, and 0.0056  \yhich is related ta through the relationship 4= 1/r, +

+ 0.0036 ns/radian, respectively; while the standard deviation 1., By this model, an N-H with an<? of 1 has no internal

for the calculated spectral densities are 10%, 10%, and 9%,motion whereas an NH with an order parameter of 0 would
respectiyely. Locallregions that hgve intemal mo.tions on the axhibit isotropic motion on the fast (p:s) time scale.
ps—ns (i.e., fast) time scale typically display higher than typically, a rigorous statistical analysis is required to
average)(0.8%wy) values and lower than averagl@) values  determine the model-free parameters, (re, and &) that

(41, 42). This behavior is observed for residues at both minimize the difference between the predicted and observed
termini of P protein and is characteristic of disordered protein ye|axation parameterd{, T,, and*5N{H}-NOE) for each
regions. Slower motions, such as those caused by chemicahzckhone™N (45).

exchange on thes—ms (i.e., slow) time scale, are observed  Fyrther extensions to eq 9 have been proposed. The
for residues that have larger than averd{f® values while “extended model-free” (EMF) formalism derived by Clore
maintaining representative high-frequency spectral densitiesang co-workers includes a second-order param&®rthat
values ((0.87wy) and J(ww)). This behavior is observed at  accounts for the possibility of two distinct time scales of
the same sites that have elevat®dl relaxation rates, nternal bond motion faster than global tumbling6y
specifically N-terminal residues K5, N8, K1%2-3 loop/ Chemical exchange contributiorRe) can also be included

p-strand 3 intersection residues L44 and R45, grelrand 5 an additional contribution ®. A potential problem with

tion that these residues have the broadest resonances in thgarameters to be fit to three observables. Typicallyis
HSQC spectrum (data not shown). fixed to permit more complex models than eq 9 to be used,
Interpretation of Jin) and Jwos7y) via Lipari—Szabo if necessary. However, the fixeg is based on an analysis

Mapping.Although the reduced spectral density method is of the relaxation data and not determined from an alternate,
computationally straightforward, this method provides no independent technique. Thus, there is the potential for cross
way to separate the relative contributions of internal amide correlation between the best fit model-free parameters and
NH bond motions from overall global tumbling to the the fixed correlation time (see Figure 8 i2g). A related
observed)(w) values. The popular “model-free” formalism problem with the model-free analysis is that, although the
derived by Lipari and SzabaB, 44), on the other hand, decision is statistical in nature, the inclusion of eitRgror
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S? can adversely affect th& calculation 47) or predict
motions that do not exiség).

Therefore, a method that can depict the physically
interpretable Lipar-Szabo model-free parameters from the
analytically determined reduced spectral densities without

resorting to least-squares fitting makes data interpretation

more reliable. The “Lipar-Szabo mapping” method devised
by Andrec et al. 28) is such a technique. It employs simple
graphical relationships to analytically deri@andz. from
the high-frequency spectral densitidé«y) andJ(0.87wy)).
Thus, the potential artifacts that chemical exchafyg (may
have on are eliminated. This is particularly important for

Henkels et al.

internally rigid, isotropic tumbling protein denoted as
J(0.87wy)"94 and J(wy)"99. Under the limits of no (or
extremely fast) internal motionsg— 0) and absolute amide
NH bond rigidity (& = 1), the model-free spectral density
function of eq 9 is simplified to one term:
Ja)" = 215)[r /(1 + (07)7)] (10)
The predicted spectral densities at the angular frequencies
0.87wy and wy for a rigidly tumbling molecule can be
calculated at any given correlation timey); this yields a
unigue{ J(wn)"99, J(0.87wy)"9} pair perzy,. The “Lipari—

sulfate-folded P protein because the data suggest the presencezabo map” or “rigid tumbling curve” is then a continuous

of conformational heterogeneity on thws—ms time scale
in the biologically relevant N-terminal region of the protein
(see Discussion).

One prerequisite for LipariSzabo mapping is an estimate
of the global correlation time,,. The method of Kay and
co-workers 49) and the method of Fushman et &0( were
used to calculate initial estimates of the correlation time. For
these calculations, experimen®al T, ratios that were more

line composed of J(wn)"99, J(0.87wy)" 99} points plotted

in x-y coordinate space (8 tm < 50 ns is shown in Figure
3A). The triangular-shaped rigid tumbling curve has top and
right-hand vertices that correspond to the correlation times
that maximize)(w;)"9 at (0.8%vy) 2 (i.€., 305 ps) andufy) *
(i.e., 2.619 ns) respectively. The point on the rigid tumbling
curve corresponding to the calculated correlation time for P
protein (9.7 ns) is highlighted as a blue square in Figure 3A

than one standard deviation above or below the average werénd is denoted gsl(wn)™, J(0.87ww)"}. Any backboneé*N

removed. Both methods yielded similar results for the global
correlation time with an average estimate of &70.4 ns.
The SMF equation (eq 9) applies to a molecule undergoing
isotropic tumbling in solution. Modifications to the SMF
equation for axially symmetric as well as fully asymmetric
molecules have been describedl,( 52). However, the

on P protein that lacks internal amide NH bond vector
motions and is completely rigid should overlap witlfwn)™,
J(0.87wy)™}. The presence of fast internal motior® ¢ 1,
7o = 0) is observed as a shift away from thé(wy)™,
J(0.87wy)™} point into the space within the triangle, as is
the case for Q69 and K119. A line can be drawn from the

Lipari—Szabo mapping technique used here requires the{J(@n)™,J(0.87w1)™} pointthroughthe{ J(wn)° J(0.87w1)**%

simplified isotropic tumbling formalism. Thus, the diffusion
tensor macro r2rldiffusion (Dr. Arthur Palmer, Columbia

point for a given amide to another point on the rigid tumbling
curve. This other point is thgJ(wn)?, J(0.87wy)?} pair that

University) was used to assess whether P protein is morecorresponds to the reduced spectral densities that would be

appropriately described by spherical or axially symmetric
tumbling and to calculate the extent of rotational anisotropy.
Using the crystal structure of tH&. subtilisP protein (pdb
code 1A6F, §3)), the anisotropy factor (defined as the ratio
of the diffusion constants paralleD{) to the long axis of
the molecule over the diffusion constants perpendiciaj (

to that axis) was calculated to be 1.200.01, which is
slightly aspherical. Additionally, the axially symmetric model
does provide a small statistically significant improvement
to the best fit of theR,/R; ratios compared to the spherical
model (reduceg? value of 5.85 versus 8.96). However, the
correlation times derived from these two models are equiva-
lent within error,z,s° = 9.7484 0.018 ns and*" = 9.716

+ 0.022 ns. Furthermore, theoreticdBf and experimental
(51, 54) studies have demonstrated that there is not a
significant change in calculated SMF paramet&sadze)

for cases of slightl{ /Dy < 1.35) and even moderat®,(

Dy < 2.0) anisotropy. Therefore, the relaxation data was
analyzed using the SMF equation (eq 9) with a single
isotropic correlation timer(,*°) of 9.7 ns. A variation in the
correlation time of 0.1 ns does not significantly affect the
predicteds andz. using the Lipari-Szabo mapping method
(data not shown).

As an example, Figure 3A displays the application of the
Lipari—Szabo mapping techniqu2g) to determine the order
parameter &) and internal correlation timesd for the
backbone amide groups of Q68-felix 2) and K119 (the

predicted from the model-free equation (eq 9) M\
relaxation was solely caused by fast internal motidBis<

0) with an effective correlation time of. The effective
correlation times for Q69 and K119 are 27.9 and 127.7 ps
respectively, which gives internal correlation timess) of
28.0 and 129.4 ps. The line segments shown in Figure 3A
depict eq 9 with& varying from 1 ¢, endpoint on the rigid
tumbling curve) to 01 endpoint). ThusS is given by the
fraction defined by the distance of the observed point to the
7 point over the distance from the, point to ther point:

=
[{ I(p)** = Hwy)}> + {I(0.87wy,) ™™ — J(0.87wy) 1M

[{3(@0)™ = Hwy) Y2 + {(0.87wy)™ — J(0.87w,)}
(11)

The order parameters for Q69 and K119 determined using
this approach are 0.92 0.03 and 0.35k 0.02. The errors
from the observed spectral densitidgyn)°sandJ(0.87w)°Ps,
were propagated to calculate the uncertaintygof

We have explored the effect of reduced spectral density
error on the calculation off and 7. to determine the
robustness of the LipariSzabo mapping technique. The error
for the experimental(0.87wy) andJ(wy) values of Q69 and
K119 are shown in Figure 3A. The resulting scope of
plausibler’s for both Q69 and K119 were calculated. The
7's appear to be well determined for K119 (115 pst <

C-terminus). This analysis is based on the comparison of 143 ps) while there is significant uncertainty in the internal

the experimentally determined high-frequency spectral densi-

ties, J(0.87wp)°*s and J(wn)°"s, to those predicted for an

correlation time for Q69 (17.4 ps 7 < 428 ps). Since most
of the observedJ(wn)°S J(0.87ww)°P$ points cluster around
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Ficure 3: Application of the Lipari-Szabo mapping metho@8®) to P protein: extracting simple model free (SMF) parame®érs., and

Rex from the reduced spectral densiti#8.87wy) andJ(wy) (see text). (A) The application of the LiparBzabo mapping method is shown

for Q69 and K119, represented as red diamonds with their standard errors. The blue square is the pi&digtel{0.87wy)} pair at the

global tumbling rate for P protein (9.7 nJ(wn)™, J(0.87wy)™}. The order parameters for Q69 and K119 are 0.918 and 0.353 with
correspondinge's of 28 and 129.4 ps respectively. The ranges of possiblalues for Q69 and K119 are determined using the dotted and
dashed lines that pass through the lower left and upper right corners of the rectangle defined by the error bars ard{ih87eegtand

J(wn) point. These ranges are 17.5 psre < 448 ps for Q69 and 116 ps 7. < 146 ps for K119. (B) All of the data plotted onto the
Lipari—Szabo map. The red diamonds and the blue square are the same as in (A). Most of the resonances cluster around the Q69 point.
Sixteen residues have points above the red line. The procedure described in the text provides accurate estifftatpsinfs above this

line, whereas experimental error precludes accurate determinatiqrfafpoints below the line. Error bars have been omitted from this
plot for clarity but can be found in Figure 2A and 2B. The points outside the rigid tumbling curve are within experimental error of the line.
(C) The order parameters calculated using eq 11 and (D) the chemical exchange contribigtifretoR.,) from the simplified model-free
Lipari—Szabo mapping method are displayed for the entire P protein sequence.X@)feis given by eq 14 for most of the data (green
bars), except for the sixteen residues with reliahle (red bars) which required eq 15.

the Q69 point on the LipariSzabo map (Figure 3B), the most likely reflects the high mobility of the apparently
internal correlation times for most of the amides are not disordered C-terminal tail of P protein. In contrast, the
reported. Thus, the LipafiSzabo map provides a simple N-terminus, including residues 412, has order param-
graphical means to understand the source of the ambiguityeters above 0.8 suggesting the lack of flexibility on the ps
of 7 at highS. On the other hand, the variability & as ns time scale for this portion of P protein. This observation
determined by LiparSzabo mapping is not significant for s relatively surprising (and deceiving) in light of the evidence
amides that contain either high (Q69) or low (K119) order for conformational heterogeneity (i.ecs—ms motions) in
parameters. Therefore, the errorShwas derived from the  this region (see below).

ropagated errors through eq 11 using standard techniques L . I
bropag gh eq g q Determination of B, the Chemical Exchange Contribution

(49 ~ to Ry, from J(0).The presence of conformational fluctuations
The order parameters for all of the 99 well-resolved amide o, the,s—ms time scale can cause transverse relaxation rates

cross peaks were determined using eq 11, and the result§, pe higher than would be measured in the absence of these

from this SMF analysis are shown in Figure 3C (see Table . qiions. This increment tR, is known asR., or the

S4, Supporting Information, for the corresponding data). The chemical exchange contribution B, and is treated as the

observed values are relatively high and uniform across residual of the measureb (R,°"9 that cannot be attributed

the entire sequence. The aver&ever the entire sequence : : ; .
. i to global tumbling and fast internal motions alofRg™) (55):
is 0.902+ 0.081 with an average error for the calculated g 9 (59

order parameters 0¥2%. The three C-terminal residues are

bs _
the only backbone nitrogens that haveJibelow 0.8, which R =R,"™ + Ry (12)
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SinceJ(0) is the only reduced spectral density that contains model-free” formalism to determine order parameters for two
a contribution fromR,, a simple expression describing the different time scale internal motion4€).

contribution of molecular tumbling tdz, (R,") can be Incorporation of Extended Model-Free Formalism into
determined through the inversion of eq 8: Lipari—Szabo Mapping Analysi$he spectral density func-

tion for the “extended model-free” (EMF) formalism contains
R,™ = J(0)™(d%/2 + 2¢%3) + J(wy)**(Bd/8 + ) + three principal terms:

J(0.87w,,)*Y13d%/8) (13)

1+ (w1,)* 1+ (wry)® 1+ (01l)?

2| St (A-S) (S-S
whereJ(0)" is the predicted zero frequency spectral density Jw) = + + 16)
in the absence of conformational exchang@jy)°®s and
J(0.87wn)°Psare the observed high-frequency reduced spectral , ) , ) .
densities for a given backbone amide NH bond (Table S3). The effective correlation times’ and s are related to
J(O)" can be estimated fromd(wn)°*s and 7 under the two |nt,ernal correlation times andr§ 'ghro_ugh the relation-
assumptions that (i) eq 9 provides an adequate descriptionSNiP @)™ = (z)™* + (zm)* where iis either f or s. Note
of the spectral density function and that (ii) fast internal that the global tumbling rate is slower than both internal
motions are very rapidr§ < 100 ps). If these assumptions motion time constants; and z.. The order parameters for

hold, J(O)™ is given by these fast internal motions are defined &3 and S?
' respectively; and if it is assumed that the two fast internal
JO)" = J(wN)ObS[]_ + (wNTm)Z] (14) motions are independent of each other, then the overall order

parameters is defined as the produ&?S? (46). If it is

Alternatively,J(0)" can be determined directly from the best- assumed that is extremely fast (i.e.7r, 7' — 0), eq 16
fit parameters & and 7) obtained from the SMF analysis reduces to

(eq 9):
30)" = @5)[Sr + (1 — Sl a5 Jw)=2 Sty =9m) _
i N1+ (wr,)*> 1+ (01.)?
Given the high degree of uncertainty foi(ze) for most of 232[ S (1— 897
the data (Figure 3B), eq 14 was used to approxiniéay". . + i a7
However, when the observgd(wy)°s J(0.87wy)°%$ point [ 1+ @r ) 1+ ()

is significantly displaced from th@J(wn)™, J(0.87wy)™}
point, the internal correlation times are better defined (see Thus in this limit, the EMF equation has a similar math-
K119 in Figure 3A) and eq 15 is the more appropriate ematical form to the SMF equation (see eq 9). Indeed, the
equation to estimat@0)™. Therefore, a cutoff line between two expressions are equivalent wh&A is unity. Further-
the origin and the point on the rigid tumbling curve with more,S? andzs (eq 17) are analogous & andz. (eq 9),
the highesf(wy) (red line in Figure 3B) is drawn to delineate  and S? can be considered an additional scaling factor.
the backbone amide nitrogens whose Lip&zabo mapping Although the SMF analysis is insufficient to properly
points are sufficiently displaced from the rigid, global describe the relaxation data of the ten residues listed above,
tumbling point to determine reliablgs. There are 16 such  the EMF analysis suffers from adding an additional parameter
residues, and they reside within the N-terminal region{L4  without adding any more data. As discussed below, it is
K6, N8—K12), the C-terminus (S116, S118, and K119), the possible to identify a range of values for the order parameter
metal-binding loop (L36, N41E43) and thegg4—a3 linker of an additional mode of internal motioi&f). This range
(Q93). of values produces a corresponding rang&(6)™ values,
Rexwas calculated using this semiquantitative method (eqs which in turn results in a range & values. In our opinion,
12—15), and the data are displayed in Figure 3D. The averagethis is the most valid application of EMF to our data and
Rex for the residues processed using eq 14 is G£18.99 although results are presented as ranges, they nevertheless
s L. Thus, the relaxation data for most of P protein can be provide useful information. Briefly described below is the
modeled using the SMF analysis where fast internal motions implementation of Lipar-Szabo mapping for EMF analysis
are not significant (i.ez. < 100 ps). Residues with clearly and the way to obtain estimated ranges$@ras originally
broadened lines were not included in this average. Rhe illustrated by Andrec et al. (see Figure 5 and associated text
values for the 16 amides that are sufficiently displaced from in (28) for greater detail).
the global tumbling Lipari-Szabo map point (i.e., required An example of EMF analysis via LipatiSzabo mapping
eq 15) are displayed as red bars in Figure 3D. Three residuess shown in Figure 4A for Lys 6 data. The two terms of eq
within the N-terminal region (K5, N8, K11) have a statisti- 17 can be represented on the LipaBizabo map as two
cally significantR.x value. However, ten residues (L4, K6, corresponding lines. The first line (blue), representing the
L36, N41, D42, E43, Q93, S116, S118, and K119) have fast time scale internal motion, connects the origih- 0
implausible negativeRex values suggesting that the SMF on the rigid tumbling curve) td(wn)°°s, J(0.87wn)Ps and
formalism (eq 9) is not an adequate model of the-ps extends to the other side of the rigid tumbling curve. The
motions that give rise t&°N relaxation for these residues. second line (green) describes the slower internal motion and
Note the exclusion of fast internal motions in the calculation connects the{J(wyn)™, J(0.87wy)™} point on the rigid
of J(0) for these residues (i.e., using eql4 instead of eq15) tumbling curve, througfJ(wn)°s, J(0.87ww)°"$ to the point
would result in even lower (more negative) estimate:¥qr on the other side of the rigid tumbling curve. This is the
It is common in this circumstance to apply the “extended same line used in the SMF method described above.
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Ficure 4: Incorporation of the extended model-free (EMF) formalism within the Lip&dabo mapping method: reanalysis of sixteen
residues containing substantial fast internal motions (see text). (A) Application of the EMF formalism for the example Lys6. The Lipari
Szabo points corresponding to global tumbling and K6 are represented as a blue square and a red diamond. The solid lines through the K6
point represent the fast (blue) and slow (green) motion terms in eq 17. As described in the text, the intersections of these lines with the solid
black rigid tumbling curve give the limits for the range of possihlevalues that are consistent with the observed{l@vn),J(0.87wy)}

under the EMF model. This range is given y(min) < 7d < 7J(max) and depicted on the rigid tumbling curve as a thicker line. Within

these limits 1> S% > S%(min) andS2(max) > S? = 0. For K6, 823.9 ps< 74 < 1.849 ns, 1= S? > 0.548, and 0.80& S2 > 0. Shown

in dashes are the mapping lines #d(noR.,) andzs(mean) (see text). (B) The effect of increasirgfrom ¢ (min) to 7' (max) on the EMF
parameter§?, S, &, and the correspondinif0)™ values (inset). (C) Th&? values derived from the EMF analysis for the sixteen residues

that may have substantial fast internal motions are displayed with yellow circles. The displayed upper it défined by one of two
conditions: (i)$(max) whenR°?s > R,™ for all 7¢; this is true for K5, N8, R9, L10, K11, and K12; and (8(noRe,), whents results

in RPs= R,™ this is the value given for the other ten EMF-analyzed residues (L4, K6, L36, N41, D42, E43, E93, S116, S118, and K119).
The solutions to the EMF equation &t = 7s'(mean) are also shown as yellow circles. (D) The corresponding rangg vélues using

the color scheme as in Figure 3D. The calculd®gvalues reflecting the EMF solution af (mean) are shown as black circles. The rest

of the protein sequence, which was analyzed using the SMF formalism, is shown as green bars. (E) The residues that display a statistically
significantRe are displayed as a function of the protein sequence. In the present study, “statistically significant” is defined by the following
condition: Rex — 1.50 = 0. The displayed errors reflect either (1) the propagated standard error calculated for those residues analyzed by
the SMF equation or (2) the entire plausible rang&ipobtained from the EMF analysis. The secondary structure of P protein is shown

for (C), (D), and (E).

The intersections of these two lines with the rigid tumbling line corresponds t@s' (min), where no internal fast motion
curves define the range of possibié¢ values for EMF occurs §% = 1.) In Figure 4A,74(min) for K6 is 823.9 ps
analysis. The intersection of the fast motion line with the andS2, or $(max), is 0.808 as calculated from eq 11. The
rigid tumbling curve definess'(max), where the minimum  region between these two lines on the rigid tumbling curve
value of§? in the EMF analysis would applys?(min) can  (thicker in Figure 4A) represents all possible valueghf
be determined from the ratio each of which has a corresponding valuesafand S2. As

74 increases fromys' (min) to 7o (max), the intersection point
N _ J(0.87w,,)*>® (18) of the two lines moves away frofd(wn)°s, J(0.87wy)*P%
Jwy)™  J(0.87w,,)™ and goes t¢ J(wn)™max, J(0.87wy) ™™= (Figure 4A). Therefore,
thets, % andS? values corresponding t@ny point on the
For K6, 75 (max) is 1.849 ns ang2(min) is 0.548. Note that ~ fast motion line between{J(wn)®s J(0.87w)°*} and
74 (max) andS?(min) do not depend ofJ(wn)™, J(0.87wy)™m} . {I(wn)™ma, J(0.87wy) ™=} are equally consistent with the
The rigid tumbling curve intersection of the slow motion observed high-frequency spectral densities. This ambiguity

S%(min) =
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is the result of attempting to fit the four parameter EMF

Henkels et al.

on the slowus—ms time scale. Howevers' (noR.,) also

model to three experimental observations. For this reason,provides an adequate alternative solution using the EMF

we focus here on the limits of possible values $andRey
for the sixteen residues analyzed by the EMF model.

analysis. Thus, the residues whd8d relaxation data can
be modeled equally well under botty conditions were

The order parameters corresponding to this range of excluded from the list of residues that contain a statistically

possiblers values are plotted in Figure 4B. Ag increases
from its minimal value,§° and S? decrease from their
maximum values of 1 and&?(max) to S?(min) and 0
respectively. This results in a dramatic changeSinas a
function of 75'. This large range of possible internal motion
order parameters gives rise to a range of possifig™
values (eq 17): from 3.20 ns/rad &at(min) to 0.40 ns/rad
atzs (max) (Figure 4B, inset). This variation If0)™, in turn,
leads to a similar nonlinear monotonic decreas&dh (eq
13) and thus arincreasein apparentR. (eq 12). Two
arbitrary intermediates values are depicted in Figures 4A
and 4B. One pointys'(N0Rey), corresponds to the condition
whents, &, andS? yield a calculatedR., of zero. For K6,
this occurs wheny is 1.181 ns and the fast internal and
overall order parameter§t and &) are 0.887 and 0.601
respectively. As an alternative to assuming tRatis 0, we
propose another equally valid intermediaté point,

7s (mean), which represents thg value that yields a(0)™
value in the middle of range aJ(0)™ values defined by
7 (Min) andzs (max). Thers (mean) for K6 is 1.367 ns with
anS? and$ of 0.808 and 0.461 respectively. For this value
of 74, Rex is 1.68 s1. We propose that th& calculated

significant Rex.

Figure 4E displays the residues that unambiguously exhibit
Rex (see Table S4, Supporting Information). These residues
map onto specific regions of P protein (see Discussion): K5,
N8, K11 (N-terminal region); L44 and R45 (the2—(3
linker, termed the metal-binding loop,); V58, N6K64 (the
N-terminal portion ofo-helix 2, part of the RNR motif);
K75 (a2—p4 linker); 184 (3-strand 4); L94 §4—o3 linker);
H105 (@-helix 3); and L112 (C-terminal region).

DISCUSSION

Sulfate-Refolded P Protein Is Rigid throughout Most of
the StructureThe two model-free parameters that describe
the fast internal motions of an amide NH bond vector on an
isotropically tumbling protein are the order paramefer,
and the internal correlation time, (or 75 using the EMF
model). For most of P protein, the SMF model explains the
data butz, cannot be accurately determined; thus, the
observed!™N relaxation data yielded only the global cor-
relation time,rn, and<’. The average order parameter for P
protein, excluding the sixteen residues that required the EMF
analysis, is 0.919+ 0.035. The sixteen EMF-analyzed

from 7 = 75 (mean) is reasonable to use as the middle of residues, which reside at the protein termini and the metal-

the Rex range for the sixteen residues analyzed by EMF.

binding loop, were not included in this average becd#se

Figures 4C and 4D display the results of the EMF analysis cannot be precisely determined at those sites (see below).

for the sixteen chosen residues in combination with the rest The highS obtained for the rest of the protein suggests that
of the protein, which was adequately fit by the SMF model. ligand-folded P protein has only limited internal dynamics
The inclusion of the EMF analysis drastically changes the on the ps-ns time scale. The average order parameter of P

interpretation of the fast internal dynamics of P protein,

specifically at the N-terminal region (:4K12) and the
metal-binding loop (L36, N4tE43). Although the EMF
analysis permits a wide range of feasilffevalues (0= &

protein is slightly higher than the averag&f 0.844 0.11
reported for 20 proteins5@). The lack of fast internal
dynamics for most of the P protein sequence may reflect a
greater-than-average inflexibility for P protein. Although the

< S(noRey), the new interpretation indicates more fast time potential imprecision in the reduced spectral densities,
scale motion than was apparent using SMF analysis. At the J(0.87wy) and J(wy), may atrtificially raise the average

N-terminus, the upper limit for th& values of L4 and K6
are~0.5—-0.6 which is more typical of a disordered structure
than an internally rigid one. Although the upper limit 8f

(28), the Lipari-Szabo mapping technique has been shown
to yield similar model-free parameters to those obtained from
the traditional statistical model-free approa2B,@7). Thus,

does not formally change for the other N-terminal residues, the apparent elevatefl values for sulfate-liganded P protein

K5 and N8-K12 (asR,"(max) < R?9, it is likely that these

probably reflect a particular internal rigidity of this protein

residues also have depressed order parameters as suggestedsolution.

by the $(mean) for these sites. Low& values would be
consistent with the elevatel0.87wy) values and depressed
15N{*H}-NOEs found for this region (Figures 1C and 2A),

The Terminal Regions, the Metal-Binding Loop, and
N-Terminal Half of the RNR Motif Display Distincg
Internal Dynamics oer Various Time Scaleglthough most

all of which suggest the presence of significant fast internal of the P protein sequence has limited internal dynamics, there

motions. Indications for internal flexibility are also found

are four small contiguous segments that exhibit protein

within the metal-binding loop because the upper limit fluctuations on either the fast (p®s) or the slow gs—ms)

S(NoRex) drops below 0.8 for L36, N41, and D42.

time regimes, or both. These four regions are the N-terminal

The inclusion of the second fast internal time scale in the region (L4-K12), the metal-binding loop (L36L44), the

EMF analysis corrects the nonphysical negatgvalues

RNR motif (K52—R68), and the C-terminus. The residues

that result from the SMF analysis (compare Figure 4D with that have order parameters below 0.8, which is commonly
Figure 3D). Furthermore, the EMF analysis provides arangeused as the arbitrary cutoff to distinguish “rigid” and

of possible positivdR. values ags varies fromzs' (min) to

75 (Max). Rex values can be altered by 10'sn some cases
when the possibles range is large. Using the' (mean) point
to define the best-fit EMF conditions, the N-terminal region
(L4—K12), the metal-binding loop (L36, N41K45), and
the$4—a3 linker (Q93-L94) all appear to undergo motions

“flexible” or “disordered” structures, are shown as red ribbon
in Figure 5. Additionally, residues that exhibit unambigu-
ously nonzerdR indicating slow conformational transitions
on theus—ms time scale are mapped onto the structure in
Figure 6A. The'>N dynamics of each of these segments is
discussed in more detail below.
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Ficure 5: The regions of fast (psns) internal motions are mapped
onto the crystal structure of P protein (pdb file 1A&@3)). Order
parametersS, above and below 0.8 are colored in green and red
respectively. The former represents the “rigid” structure while the
latter is described as “flexible”. The yellow regions correspond to
the EMF modeled residues that havé&Z@max) above 0.8 and a
S(mean) below 0.8; both solutions are equally adequate. Further-
more, yellow regions have other signatures of fast internal motions
such as depressé®@N{'H}-NOEs and elevated(0.87wy) values

(see Figures 1C and 2A). The residues that do not have chemical

shift assignments are in gray (A2, H3, R7, N13, and E14). The
sulfate ion observed in the crystal structure, and the coordinating
side chains, are shown in blue. Note, the last five residues, K115
S119, did not have any observable electron density in the final
model and therefore are not present in the crystal struc&8pe (

No electron density was observed for the last five residues
in the crystal structure d@. subtilisP protein 63), suggesting
that this portion of the protein may also be disordered in
solution. Consistent with this supposition, we find that the

C-terminus has the characteristics of a disordered peptide

from S116 to K119. Specifically, the upper limit & in

this region ranges from 0.16 to 0.43 and reflects the elevated

high-frequency motions that are revealed by the elevated
J(0.87wy) and the low (or negativelPN{*H}-NOEs.

The RNR motif is an approximately 18-residue region

corresponding to the most conserved sequence amoni

bacterial P proteins5@), whose consensus is KzX-A-X »-
R-N—X-(K/R)-R-X2-(R/K). In the crystal structure, this
conserved motif encompasses the N-terminal hatf-belix

2 and its preceding loop, which begins the unusual left-
handed crossover between the pargiistrands 3 and 460Q).

The possible functional importance of the RNR maotif is
amplified by the fact that this unusual topolody| has been
maintained through evolution. However, the precise function
of this motif in RNase P holoenzyme assembly, pre-tRNA
binding, and/or the catalytic cycle, has yet to be elucidated.
Here, our results reveal that the central portion of this motif,
V58, N61-K64, exhibits statistically significant motions on
the slow ft<s—ms) time scale (Figure 4E).

The metal-binding loop is a relatively long loop, L-36
L44, that connectg-strands 2 and 3 of the centyalsheet.
This linker region has an unusually high density of acidic
residues, and it coordinates one of the twdZatoms found
in the B. subtilis crystal structure §3). Given the recent
evidence that P protein enhances the affinity of at least four

Biochemistry, Vol. 46, No. 51, 200715071

FiGure 6: (A) The regions of slowi/s—ms) internal motions, or
conformational heterogeneity, are mapped onto the P protein crystal
tructure. The backbone amide nitrogens that display a statistically
ignificant Rex are shown as orange spheres (see Figure 4E).
Additionally, the residues that are missing in the HSQC (H3, R7,
N13, E14) are shown as gray spheres; it is assumed that these
residues are absent due to extreme line broadening. (B) The sites
that interact with P RNA based on the hydroxyl-radical cleavage
assays from Fierke and co-worke®&l) are shown in green. The
sites that interact with both P RNA and pre-tRNA are in blue.

Mg?* atoms within the substrate-bound holoenzyme complex
(24), the metal-binding loop may serve as the conduit for
this critical function. However, it should be noted that, under
the conditions of the experiments described here, we have
no evidence that the metal binding loop is occupied because
divalent cations were not included in the buffer. As shown
in Figure 4D, the upper limit for the order parameter ranges
from 0.707 to 0.807 for four residues in this region (L36,
N41—-D43) indicating that they have increased flexibility on
the ps-ns time scale. All of these residues were analyzed
using the EMF equation (see Figure 4A), which assumes no
information about chemical exchange (eB.x = 0). The
EMF model is unable to resolve whether these residues have
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both chemical exchange and motions on two fast internal release may be controlled by the conformational “switches”
time scales1; and ). Any & within the range 0< & < observed by NMR &1). Thus, the protein surfaces that
S(nNoRey) is an equally plausibleestimate forS and thus demonstrate conformational heterogeneity may reveal the
S? this leads to a corresponding range of possilesalues sites of protein interaction as well as the mechanisms
(Figure 4D). The potentiaR., range for these residues is 0 responsible for that interaction. In this study, we find that
s1 < Ry < 8.7 s, whereRemean) (i.e., the averadey the residues that have an observaRigcluster onto a specific
value when evaluated af (mean)) is~1.9 st over all four region of P protein (Figure 6A) and there is a strong
amino acids (see Results). However, because these residuesorrespondence between this mapped surface and the putative
may have noRey, they are not highlighted in Figure 6A. P protein-P RNA holoenzyme interface (Figure 6B).
Dispersion experiment$8—60) are required to indepen- Most of the residues indicated in Figure 6A localize to a
dently determine an estimate Bfx in order to confine the  specific surface defined by the N-terminal region (K5, N8,
plausible range o® andS? for those residues that required K11), the metal-binding looptstrand 3 (L44, K45), and the
the EMF analysis. RNR motif (V58, N61-K64). Four additional residues in
The N-terminal region, A2K12, is a highly basic stretch  the N-terminal region with missing resonances in the HSQC
containing seven H, K, or R residues and no correspondingspectrum (H3, R7, N13, E14) are also found on this surface
D or E residues. In the crystal structure this stretch of and included in Figure 6A. There is also the possibility of
sequence has no regular secondary structure and covers onehemical exchange at other positions within the N-terminal
edge of the centrgd-sheet before turning sharply ¢chelix region (L4, K6, R9, L10, K12) and the metal-binding loop
1, which covers the sheet fac&3j. The >N relaxation (L36, N41-E43) given the range of possib& for these
dynamics suggest that this region is mobile over both the sites (Figures 4C and 4D). However, only the residues that
ps—ns andus—ms time scales, based on the following exhibit statistically significant chemical exchange, or are
evidence. Conformational heterogeneity onglse ms time missing in the HSQC spectra, are indicated. Overall the
scale is evident from the larg&y values observed for K5,  dynamics data indicate that conformational fluctuations occur
N8, and K11 (Figure 4E). Furthermore, four additional along the edge of the centréisheet that is covered in part
residues within the first 13 residues (H3, R7, N13, and D14) by the N-terminal region in the crystal structure. It is
are not seen in the HSQC. These peaks are likely missinginteresting to note that one of the two high affinity sulfate
because of extreme line broadening caused by dynamics orbinding sites $3) is located on this surface. It is likely that
this slowerus—ms time scale. The N-terminal region also this sulfate ion is displaced by RNA when the holoenzyme
has fast internal motions on the (pss) time scale indicated  is formed.
by low order parameters for L4 and K6:Q.52 and 0.60 Intermolecular interactions, such as dimerization or ag-
respectively.) The order parameters for the other residues ingregation, could give rise to chemical exchangé, (72).
the N-terminus, K5 and N8K12, are likely to be lower than ~ However, sedimentation equilibrium experiments do not find
the S(max) values shown in Figure 4E because these evidence for monomerdimer equilibrium under the solution
resonances have similarly low’N{H}-NOEs, elevated conditions and protein concentration of our NMR experi-
J(0.87wy), andplausible $(mean) values similar to L4 and  ments (data not shown). Additional experiments, suctiNks
K6. As with the metal-binding loop, reduction of the order T, relaxation and/or dispersion experiments as a function of
parameter from the upper limitS’(max) orS(noRey), would protein, may further strengthen the assertion that the observed
result in an increase in the correspondiRg as displayed Rex arises from internal motions of the monomer.
in Figure 4E. Thus, dispersion experiments are necessary to RNase P is one of the most extensively studied ribozymes
accurately estimat®.,, and thus3. Overall, the data suggest to date (seel(7, 18) for review), and there is a great amount
that the N-terminal region fluctuates between two (or more) known about the functional, biochemical and enzymatic
populated states on thes—ms time scale whose fast internal  aspects of RNase P. While two crystal structures of bacterial
dynamics are significant (i.e., highly flexible). Note that the P RNA have been solved3, 74), surprisingly little is known
interconverting conformations cannot be sulfate-bound and about the structure of the holoenzyme complex. Most of the
unbound forms because the fraction of the unbound confor- studies that probe the P RN protein interface have relied
mation (£0.02%) is too small to contribute significantly to  on indirect assays to determine the protein sites that are
Rex. important for the holoenzyme interaction. These assays, such
Residues That Display Significant,;RReside on the  asin vivo (75), mutagenesisrg), fluorescenceq?), and EPR
Putatize P RNA-P Protein Interface.Regions of confor- (78) studies, cannot distinguish protein sites that interact
mational heterogeneity (i.e., significaRt,) in the vicinity directly with the RNA from sites that are affected by a
of ligand recognition surfaces have been noted in some conformational change upon holoenzyme formation. There-
proteins 61). These proteins displays—ms motions in the  fore, it is not surprising that these studies implicate protein
absence of the binding partner that are either quenched orsites that are distant on the protein, or even in the protein
suppressed upon complex formation. This phenomenon hascore.
been observed for proteins that bind to peptidgs 63), More recently, an EDTA-Fe based footprinting approach
DNA (64, 65), RNA (12), and small molecule substrates/ has been used to characterize the prot®NA interface
ligands 68, 66—68). Conformational heterogeneity has also (79, 80). Unfortunately, this approach maps RNA sites up
been observed on surfaces known to mediate critical protein to 24 A away from the backbone,(osition. Since the
protein interactionsg9, 70). In some cases, the rates of shortest dimension of P protein-is30 A (53), the identified
conformational exchangéd) are of the same magnitude as proteinr—RNA interactions are considered “long-range” con-
ligand binding kinetics %8, 66, 67). This observation  straints {9). The most comprehensive study of the RNase
suggests that the functional rates of ligand binding and/or P holoenzyme interface has been carried out by Fierke and
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co-workers 81), who use a similar directed hydroxyl-radical CONCLUSIONS
cleavage strategy but with a shorter tether. Single-cysteine
P protein variants derivatized with acetamido-1¢¢phenan-
throline complexed with Cu(ll) can cleave RNA sites within
10—15 A of the protein backbone. The protein sites that gav
rise to specific P RNA cleavages are shown in Figure 6B.
These sites are primarily located within the N-terminal region
(H3C, K5C, R7C, K11C, K12C), the metal binding loop
(Q38C, E40C, D42C), and the RNR motif (R66R65C,
R68C). Furthermore, the sites D15&-kelix 1), R45C and
V46C (5-strand 3) also map onto the same general protein
surface. Additionally, their results show that the RNR motif
(specifically R61C and R62C) is near the pre-tRNA cleavage ockNOWLEDGMENT
site.

Comparison of Figure 6A and 6B reveals a striking
correlation between the surface of P protein that exhibits
conformational heterogeneity and the putative surface in-
volved in the holoenzyme interaction. The principal exception
is the metal-binding loop, where the necessity to fit thi¢
_backbone dy_namics to a model requ_iring_ two distinct fast SUPPORTING INEORMATION AVAILABLE
internal motions precludes the estimation of chemical
exchange in this region. Otherwise, RNase P protein appears Table S1 lists the conditions scanned to detect the missing
to be another example of the empirical correlation between peaks in the"*N/*H HSQC spectrum of P protein. Experi-
the us—ms motions and protein recognition surfaces. The mentally determined relaxation parametéis-T;, 1°N-T,,
conformational flexibility exhibited by P protein may be and **N{'H}-NOE for the 99 well-resolved residues are
important for proper holoenzymssubstrate assembly. For tabulated in Table S2. Table S3 lists the corresponding
example, if these motions become suppressed in the holoenfeduced spectral density valud®.87wy), J(wn), andJ(0)
zyme—substrate complex, the protein adopts one particular derived from the relaxation parameters. Table S4 catalogues

15N relaxation experiments reveal the presence of confor-
mational heterogeneity on thes—ms time scale in a
e particular region of the structure of sulfate ligandedBof
subtilisP protein. This region also corresponds to the putative
P RNA—P protein surface. Since P protein is essential for
in vivo activity of the RNase P holoenzymdq), any
information pertaining to the inherent motions of P protein
may correlate to important motions involved B subtilis
holoenzyme assembly and/or the catalytic cycle of the
ribozyme.

The authors thank Drs. Ronald Venters and Shallee Page
for critically reading the manuscript, and various members
of the Oas laboratory for insightful discussions and advice.
The authors additionally thank Dr. Venters for technical
assistance with the relaxation experiments.

conformation within the complex. This “induced fit’ mech- the model-free paramete, S2, and R calculated using
anism is known to be important for proteidDNA and
proteinr—RNA interactions 82). Additionally, the confor-
mational fluctuations of P protein may contribute to its
function in RNase P activity. For example, one function of
C5 protein is to offset the structural differences in pre-tRNA
substrates to yield uniform binding and catalysis within the
context of the holoenzym@3). Interestingly, a recent NMR
dynamics study has revealed the presence of structural
plasticity in the conserved P4 region of P RN&4). Thus

the apparent internal motions of the proximate ribonucleo-
protein components, P4 in P RNA and the RNR motif in P
protein, may be important in pre-tRNA recognition.

It would be intriguing if the correlation between the
observedR., surface and putative P RNA surface extends
to the kinetics of chemical exchange and protdRNA
association. However, a significant amount of work is
required to make such a correlation. We intend to carry out
dispersion experiment§8—60) to (i) obtain a better estimate
of Rex, (ii) determine the time scale of exchandg), and
(iii) test the validity of the two-state model for the residues
that display chemical exchange. An ultimate goal is to
determineke for the entire surface. This is critical in order
to ascertain (i) whether the motions of the surface have the
same kinetics and (ii) whether there is a correspondence
betweenk. and the functional kinetics of RNase P holoen-
zyzme assembly and/or catalysis. Additionally, P protein
folding/unfolding stopped-flow experiments display mul-
tiphasic kinetics (Y. C. Chang and T. G. Oas, unpublished
observation). It would also be interesting to investigate the
correlation between the conformational heterogeneity re-
vealed by NMR and the multiphasic kinetics detected from
different methods.

the Lipari-Szabo mapping method. This material is available
free of charge via the Internet at http:/pubs.acs.org.
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