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ABSTRACT: Protein S4, a component of the 30S subunit of the prokaryotic ribosome, is one of the first
proteins to interact with rRNA in the process of ribosome assembly and is known to be involved in the
regulation of this process. While the structure of the C-terminal 158 residBzxdlus stearothermophilus

S4 has been solved by both X-ray crystallography and NMR, that of the N-terminal 41 residues is unknown.
Evidence suggests that the N-terminus is necessary both for the assembly of functional ribosomes and for
full binding to 16S RNA, and so we present NMR data collected on the full-length protein (200 aa). Our
data indicate that the addition of the N-terminal residues does not significantly change the structure of the
C-terminal 158 residues. The data further indicate that the N-terminus is highly flexible in solution, without
discernible secondary structure. Nevertheless, structure calculations based on nuclear Overhauser effect
spectroscopic data combined wifiN relaxation data revealed that two short segments in the N-terminus,
S12RRL;s and RoYPPss, adopt transiently ordered states in solution. The major conformationzef S
RRL;s5 appears to orient the arginine side chains outward toward the solvent in a parallel fashion, while
that of RoYPPs3 forms a nascent turn of a polyproline Il helix. These segments contain residues that are
highly conserved across many prokaryotic species, and thus they are reasonable candidates respectively
for sites of interaction with RNA and other ribosomal proteins within the intact ribosome.

Protein S4, a component of the 30S subunit of the and on the basis of the distribution of surface positive
prokaryotic ribosome, has been shown to be intimately charges, a putative RNA-binding surface was identified.
involved in both ribosome regulation and function. S4 binds  The role of the remainder of the S4 sequence, the
t0 165 RNA (—3) and serves as one of two nucleation sites n_terminal 41 residues (47 Bscherichia co)i, has also been
during the assembly of the small suburd).(In addition,  the subject of considerable interest. Early work showed that
S4 also regulates its own synthesis by binding taotloperon g ¢l S4 fragments lacking the N-terminal 447 residues
mRNA, which encodes S11, S13, and L17 in addition to S4 yia proteolytic cleavage competed with intact S4 for binding
(5). Mutations in S4 have been shown to alter the transla- 5 165 RNA but, when included in ribosomal assembly
tional accuracy of the ribosomé)( the conformation of the  reactions, produced incomplete 30S particles missing five
16S RNA (7), and the sensitivity of the ribosome to the  proteins (4). Additional work on an S4 fragment containing
antibiotic streptomycing). In an effort to begin to understand - resiques 32206 showed that this construct could bind to
the structural basis of the many roles that S4 plays in the 165 RNA and allowed complete ribosomes to assemble, but
intact ribosome, the three-dimensional structure of a fragmentie resulting particles could not bind tRNAH). Thus, these
consisting of the 158 C-terminal residues of S4 from the 5,thors concluded that residues3? (1-27 for B. stearo-
thermophileBacillus stearothermophilusas recently solved thermophiluy were important for ribosomal function, par-
by both NMR spectroscop( 10 and X-ray crystallography  icylarly tRNA binding, while residues 3347 (28-43 for
(12). This protein fragment, labeled 841, lacked the g stearothermophilyswere required for proper ribosome
N-terminal 41 residues of wild-type S4 but retained those 55sembly 16). Further work on other S4 fragments narrowed
regions previously identified as being required for binding e RNA binding region of S4 to residues 4777 (44-
to both 16S RNA and the. operon mRNA 12, 13. The 174 forB. stearothermophil)g12, 17. Later studies of the

results of these studies showed thatA84 adopts &  pingding of theo. operon mRNA to S4 fragments prepared
somewhat elongated structure consisting of two subdomams,by modifying theE. coli S4 gene and overexpressing the
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perhaps because of the marginal stability of that protein (R. B-ds [buffer B containing sodium acetati-(98%)] by use
B. Gerstner and D. E. Draper, unpublished experiments). of Centricon-10 concentrators (Amicon, Beverly, MA). Final

The 16S rRNA and mRNA binding behavior observed for NMR samples contained either 0.3 or 0.7 mM S4 in 200
E. coli and B. stearothermophilu$4 proteins raises the of buffer B-ds (90% H0/10% DO or 100% DBO) in a
question of whether these proteins are functionally equiva- Shigemi microcell.
lent. The sequence identity betweem®4 of the two species NMR SpectroscopyNMR spectra were acquired at 310
is 54% @), while that for the N-terminus is 38% (see below). K on either Bruker DMX spectrometers operating at proton
Previous work in which 16S RNA from eith&:. coli or B. resonance frequencies of 499.53, 500.14, or 749.74 MHz or
stearothermophilusvas combined with the ribosomal pro- & Bruker DRX spectrometer operating at a proton resonance
teins from one of these species showed that active ribosomedrequency of 800.13 MHz. All spectra were acquired with a
could be assembled from each of the four resulting combina- triple-resonance probe equipped with pulsed field gradients.
tions (18). A later study further showed that a ribosome NMR data were processed with NMRPipe softwag) @nd
containing allE. coli components except for S4, which was analyzed with PIPP22). The experimental parameters used
from B. stearothermophilusgtained 92% of the activity of ~ for the various spectra are collected in the Supporting
a fully E. coli ribosome 19). Therefore, the data suggest Information.
that S4 molecules from these two species are well conserved Chemical Shift Assignment§he numbering system for
and functionally interchangeable. We are therefore left with full-length S4 used in the present study is consistent with
the task of untangling the functional roles of the S4 that used in structural studies of 41 (9), with residues
N-terminus in the intact ribosome. As a step toward this goal, 43—200 being identical between the two proteins. In this
we present here a detailed analysis of full-length S4 from system, residue 1 of S4 corresponds to the initiator methion-
B. stearothermophilusy heteronuclear NMR spectroscopy. ine and residue 200 to the C-terminal arginine. We note that
We report that the residues corresponding tA&#maintain ~ resonances for M1 were observed and assigned, justifying
their previously determined fold, while the N-terminus is its inclusion as residue 1. In 3411, residue 42 is the initiator
highly flexible in solution. Nevertheless, two short, conserved methionine, while residue 42 in S4 is an arginine. The
segments in the N-terminus were found to have transientbackbone atoms, along with’Cand H, were initially
structural order, and possible functional roles of these assigned from the results of HSQE3(-25), HNCACB (26),

segments will be explored. CBCA(CO)NH 27), HBHA(CO)NH (28), and HNCO 29)
experiments. Instances of simultaneous degeneracy at the
EXPERIMENTAL PROCEDURES amide!®N and*H shifts were resolved by a CBCACO(N)H

) ) ) experiment, a variant of the CBCA(CO)NH experiment in

Sample Preparatiorithe gene encoding wild-type S4 from  \yhich the carbonyl carbon chemical shift rather than that of
B. stearothermophiluwas cloned into the pET-13a expres- the amide >N evolves int,. Confirmation of proline
sion vector 20), and the protein was overexpressedEin  assignments, along with the assignment of proline artide
coli strain BL_21(DE3). W|Io_l-type S4 was purified by a resonances, was facilitated by an H(CA)CON experiment, a
modified version of the previously reported proceduirg)( similar modification of the HCA(CO)N experimen3() in
Cultures were grown from single colonies in M9 minimal  \yhich the carbonyl chemical shift rather than that of tife C
medium containing"NH,Cl andp-[*3Cq|glucose as desired  gyolves int;. Experimental details of the CBCACO(N)H and
for isotopic labeling. Cultures were induced with 0.5 mM H(CA)CON experiments will be published elsewhere. These
IPTG* at an ORy of 0.6-0.8 and were grown for an  assignments were checked and extended along the side chains
additiona 3 h at 37°C. The cells were then harvested and by HCACO (1), HCCH-TOCSY 82), and C(CO)NH and
resuspended in 2680 mL of cold buffer A (20 MM MES,  {c(CO)NH @3) experiments. Amide side-chain assignments
pH 5.5, containing 500 mM KCI2 M urea, 1 mM EDTA,  \yere achieved with CBCA(CO)NH and NOESY experi-
and 0.1 mM PMSF) supplemented with 1 mM TLCK. The ments, while other side-chain assignments, such as those in
cells were lysed in a French press, and the cellular debris zromatic rings and the stereospecific assignment of proline
was removed by centrifugation at 14@@he supernatant  ring protons, were achieved from NOESY connectivities.
was then passed successively through 0.45 and @22 15\ Relaxation Experiment#/e measure@N Ty, T,, and
filters and then loaded at 2 mL/min onto a HiLoad 16/10 1H} —15N NOE values at 500 MHz by following published
SP-Sepharose cation-exchange column (Pharmacia BiOIGChexperiments 75, 34. For T; measurements, delay values
Piscataway, NJ) equilibrated in buffer A. S4 was recovered \yere 8, 96, 256, 512, 800, 960, and 1200 ms, whileTior
with 2 0.5-1.0 M KCl gradient over 100 min at a flow rate  measurements, delay values were 9.6, 19.2, 38.4, 67.2, 115.2,
of 2 mL/min, and the protein eluted as a single, sharp peak 153 6, and 192.0 ms. For each experiment we recorded 32
at0.75 M KCl, yielding approximately 20 mg of pure protein  scans for each FID and collected a total of 128 compjex
per liter of cell cuIFure. Fractiqns containing pure prot_ein points. We derived; and T, values for 132 residues with
were pooled and dialyzed against buffer B (20 mM sodium \ye||-resolved signals by fitting measured peak intensities to
acetate, pH 5.4, containing 250 mM KCl and 1 mM EDTA). 4 single-exponential functior8). {1H} —5N NOE values

The samples were concentrated and exchanged into buffefyere calculated as intensity ratios from data sets acquired

with and without saturating the protons. The results from
2 Abbreviations: IPTG, isopropyp-thiogalactoside; MES, 2N- two independent measurements were averaged. For each

morpholino)ethanesulfonic acid; EDTA, ethylenediaminetetraacetic measurement, we recorded 64 scans for each FID and

acid; PMSF, phenylmethanesulfonyl fluoride; TLCK, 1-chloro-3- ;
tosylamido-7-amino-2-heptanone hydrochloride; NOESY, nuclear Over- CO”eCte.d.a total of 256 complebx pplnts.
hauser enhancement spectroscopy; FID, free induction decay; RMSD, Acquisition of Structural RestraintShree 3D NOESY

root-mean-square deviation. spectra 36—38) were acquired: (1) atPN-separated experi-
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ment at 750 MHz with a mixing time of 75 ms; (2)éC- not assigned in S¥41, the backbone assignment for residues
separated experiment inO at 500 MHz with a mixing time ~ 43—200 is complete. The differences between the backbone
of 75 ms; and (3) &%C-separated experiment inO at 800 assignments for these residues in S4 determined during this
MHz with a mixing time of 200 ms. Distance restraints were work and those previously determined for/84l (9) are
derived from cross-peak intensities by use of the standarddisplayed in Figure 1. Except for K43 and L44, which were
inverse sixth power relationship. The mobility of the N- immediately C-terminal to the N-terminal methionine in
terminus prevented us from deriving reference distances fromS4A41, the differences between the backbone shifts are
secondary structure elements; instead, reference distancemostly small and within the experimental errors. The few
were derived from a combination of the following observed resonances that have somewhat larger differences are in
NOESY connectivities: intraresidu¢’HH?? in proline side residues either at the end of a secondary structure element
chains, intraresidue HH” in alanines, and the observed (R107 H-, L1653CO) or in a loop region (11633CO, N190
range of intraresidue HHN (39). Cross-peaks were classified HN, E191 HY). Moreover, the chemical shifts of the amide
as strong, medium, or weak. The lower limit for each restraint protons of N190 and E191 are known to be highly pH-
was set to 1.8 A, while the upper limits for strong, medium, sensitive. Therefore, we found no significant differences in
and weak restraints were 2.9, 3.5, and 5.0 A, respectively. backbone chemical shifts for residues4%0, demonstrating
For torsional restraints on tigedihedral angle3Junpe vValues that the secondary structure elements and the overall fold of
were measured in the HNHA experimed0( 47). For values these residues are essentially the same in the two proteins.
of 3Junme > 8.0 Hz, ¢ was restrained te-120 + 40°. With the exception of the amide proton at¥hl resonances
Structure CalculationsModel structures were calculated ©f the two N-terminal residues, M1 and A2, the backbone
with X-PLOR 3.8 @2), beginning with a molecular template ~ assignment of residues-#2 is complete. In addition, we
consisting of residues-345. Calculations were initiated from ~ Were also able to assign the side chains of 38 of these

random coordinates by use of trendomprotocol. Follow- residues. These assignments are tabulated in the Supporting

ing this, the resu|ting structures were regu|arized and Information. The side chain of M1 could not be assigned

subsequently refined with thdgsa and refine protocols. ~ due to resonance overlap and weak signals. The remaining

Those structures that had no violations greater than 0.5 Aunassigned resonances are the positions in the six

or 5° were accepted and ana|yzed_ arginines, which could not be deflnlthEly linked to SDECiﬁC
arginine side chains because of a lack of sufficient NOE

RESULTS connectivities and resonance overlap. After completion of

these assignments, it was apparent that several weaker peaks

Purification of Full-Length S4lnitial attempts to purify  in many of the spectra remained to be assigned. We soon
full-length S4 followed the previously published protocol realized that many of these peaks could be sequentially
(13). While this procedure yielded protein that wa95% connected in the usual manner and that they corresponded
pure, a close examination &H—""N HSQC spectra taken  to short segments of amino acids surrounding proline residues
over a span of a few days revealed that several peaks eithefn the N-terminus. The identity of these peaks as minor
shifted or disappeared, while other sharp, weak signals conformations caused by prolimés—trans isomerism was
became visible. These observations prompted us to analyze:onfirmed by the characteristi¢ @nd C shifts of the proline
our samples more carefully. Mass spectrometry revealed thalside chains43). These minor conformations are summarized
>95% of the protein in thes&N-labeled samples was a in Figure 2, and the available assignments are collected in
single species with molecular weight 18691, compared to the Supporting Information. Notably, the major conformation
23305 expected for full-length S4 and 18676 forA34 of all prolines in the N-terminus was found to brans
(assuming 100%'N content). N-Terminal sequencing |njtial Characterization of the Dynamics of S&imply
indicated that multiple peptide species were present, con-on the basis ofH—!5N HSQC spectra, it seemed clear that
sistent with multiple cleavages of Xys bonds in the  residues +44 exhibited significantly different dynamic
N-terminus, specifically at K10, K28, and K43. These results behavior Compared to residues4#0. A portion of such a
convinced us that the purification procedure did not reduce spectrum is displayed in Figure 3 with assignments indicated.
Contaminating proteases to a level that would permit acquisi-/_\s shown, peaks corresponding to residues44 are
tion of multidimensional NMR spectra without substantial genera"y both narrower and marked|y more intense than
proteolysis. This led us to develop the revised procedure those of the C-terminal domain equivalent to A%4.
described under EXperimental Procedures. With this reVisedMoreover, the majority of these peaks cluster near frequency
procedure, significantly sharper elution peaks were observedyalues commonly found in random coil regions of proteins.
for S4, and the total S4 yield per liter of cell culture increased we also analyzed the chemical shifts of the, i€, CO,
by as much as a factor of 10. However, very slow proteolysis and H spins using the CSI progrard4), which indicated
was still evident iftH—""N HSQC spectra of the resulting  that residues 445 form a random coil. All of these data
protein. We subsequently found that this residual proteolysis suggested that the N-terminus of S4 is significantly more
could be eliminated by adding 1 mM EDTA to the NMR  dynamic than the C-terminal domain, and we therefore
sample, rendering such samples stable for at least 6 monthsmeasured!>N T, and T, relaxation times along with the

Resonance Assignment of S@ur initial assignment  {H}—'°N NOE at 500 MHz to test this hypothesis.
strategy for S4 was two-fold: first, to assign the backbone The resulting data, shown in Figure 4, confirm that
resonances of residues-4300 and compare them to those residues 144 indeed are significantly more dynamic than
of S4A41; and second, to perform a complete assignmentresidues 45200. The average NOE values for these two
of residues +42. With the exception of th®N resonances  sets of residues are-0.59 + 0.27 and 0.79+ 0.13,
of the seven proline residues C-terminal to K43, which were respectively, indicating that residues—44 are highly
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Ficure 1: Comparison of backbone chemical shifts of S4 andA&4 Data are plotted add = 6(S4) — (S4A41), whered is the
chemical shift in parts per million (ppm). Shown in parentheses are the estimated errobsdierived from the spectral resolutions of
appropriate data sets. The large error in tlecemical shifts is due to the limited digital resolution of the HNCACB and CBCA(CO)NH
experiments.

dynamic on the picosecond to nanosecond time scale while14.4 ms for the two sets of residues. The |dngalues for
residues 45200 form a stable tertiary structure, as was residues 144 are typical of disordered polypeptides, while
observed for SA41. TheT, data mirror the NOE values, those for residues 4200 are typical of a well-ordered
with respective average values of 387101 ms and 68.6 protein with an overall correlation timerd] of ~12 ns.
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MI A2 R3 Y4 T5 G Pt M8 W8 KI0 500 ps. Since our relaxation data suggested that the correla-
L tion time for these residues is on the order of 1 ns, we

11 S12 Ri8 Ri4 L5 GI6 H7 S18 L9  S20 proceeded with a standard analysis of the NOESY data on
b b this basis. These predictions were confirmed by the data,
621 T2z G Kea E25 126 Q27 K28  R29 P30t and we were able to derive a total of 109 distance restraints
b b b(trans) from the NOESY data sets. These included 49 intraresidue

e i and 59 sequential restraints, along with a single short-range

X eftrans) restraint. These restraints are summarized in Figure 5. Even

Y3t P32t P33t G34 Q35 H36 G37 P38t G39 Q40 though we were able to observe negative NOEs, the predicted

SO Sk G o cross-relaxation rates for protons in these residues are small

d d (<1 sY, and we therefore collected an additiorfaC-

° separated NOESY experiment at 800 MHz with a longer
541 Ra2 K43 L44 S45 E46 Y47 G488  L49 Q80 mixing time of 200 ms. While numerous NOE cross-peaks

Ficure 2: Minor conformations in the S4 N-terminus. Conforma- Were Canlrmed by this experiment and S-Ome addltlon-al

tions labeled b-e indicate that sequential connectivities were intraresidue NQ,ES were pbserved, no new distance restraints

identified between residues in that conformation. If no such could be definitively derived from these data.

connectivities could be definitively determined, the conformation ~ In addition to the cross-peaks from protein protons

is labeled x. The configuration of the-XPro peptide bond:{s or described above, we found exchange cross-peaks from water

trans) for each minor conformation is listed if known. All-XPro protons to all observable backbone amide protons of the

bonds in the major conformation were found to thens and are N-t . in NOESY t ded with a 75 "

so indicated by the suffix t. N-terminus in N spectra recorded with a 75 ms mixing
time. We quantitated the intensities of the water cross-peaks

Interestingly, theT, and NOE values for residues-#4 do and their corresponding amide diagonal peaks, and for each

not appear to be uniform; two regions centered near residuegesidue calculated an estimate of the exchange rate constant

10 and 30 have both reduc@e and increased NOE values k from the ratio of these intensities:

relative to flanking regions near residues 20 and 35. In

contrast to thel, and NOE data, th&; values for the two le_ 1—exp(-2kr) )

sets of residues (144 and 45-200) are essentially identical, lg 1+ exp(2ke)

with respective average values of 78760 ms and 702t

83 ms. This result is easily explained by the fact that wherel. and |4 are the intensities of the cross-peak and

essentially every unique value ®f is consistent with two  diagonal peak, respectively, amds the mixing time 46).

values of the overall correlation time4%). Theoretical We then computed protection factd?s= k.adk, wherekeac

calculations of relaxation times for dipolar relaxation of the is the random coil exchange rate constant for that residue

H—15N system indicated that tHE, data could be satisfied  predicted from neighboring group effectrj. This analysis

by 7. values of~0.5 ns or~12 ns. Therefore, taken together, was performed for all well-resolved and observable amide

the relaxation data strongly suggest that residued44lare resonances of residues-45 except that of H36, for which

significantly more dynamic than residues-4%00. These lc ~ lg atT = 75 ms. Interestingly, the predicted exchange

results also correlate well with relaxation data previously rate constant for H36 is approximately 10 times that of the

measured for S¥441, which suggested an overall correlation remaining residues, and its amide resonance is strongly

time of ~9 ns (M. A. Markus and D. A. Torchia, unpublished broadened in HSQC spectra, presumably because of its rapid

experiments). A more detailed analysis of the relaxation dataexchange with solvent water. The mean valud>dbr the

for these proteins will be published elsewhere. 26 residues analyzed was 0.630.57.

Collection of Structural RestraintsOur strategy for In addition to the NOESY experiments, we also collected
collecting distance restraints was analogous to that used foran HNHA data set in order to derive information regarding
resonance assignment. After collecting b&tN- and'3C- the ¢ dihedral angle. We were able to measéiigyn, for

separated NOESY data sets with mixing times of 75 ms, we 22 residues in the N-terminus, and of these, all but two fell
first compared the data for residues—2D0 to the corre-  within the range of 6.68.0 Hz and thus were not used as
sponding data previously collected on/8l (9). We note structural restraints. The two exceptions were T5 and M8,
that M42 in SA41 is replaced by R42 in wild-type S4, which yielded®Junn, values of 8.3 and 5.3 Hz, respectively.
rendering any comparison of this residue meaningless, alongWe found that when these restraints were not included, all
with sequential contacts between residue 42 and K43. of the resulting structures had valuespdhat were consistent
Therefore, we excluded residues 42 and 43 from the with 3Junne for M8 but not T5. Therefore, we only included
comparison. In addition, the first helix of 341 begins with the restraint for T5 in the final calculations.

S45, and thus the data for L44 have little structural relevance. Structure CalculationsGiven that the structure of residues
A careful comparison revealed no significant differences in 44—200 appeared to be essentially equivalent to that deter-
the NOESY cross-peaks of the two sets of spectra, thusmined previously for SA41, we decided to focus our calcu-
strongly confirming the conclusion obtained from the chemi- lations solely on the N-terminus. We thus constructed a mol-
cal shift comparison, that the structures of these residues inecular template consisting of residues4b, corresponding
S4 and SA41 are the same. We next turned to residuedl to the N-terminus plus residues 425, which were mostly
and first asked if we should expect to observe efficient cross- unstructured in SA441. We initially calculated families of
relaxation for them. Theoretical calculations indicated that, 25 structures beginning with random coordinates, followed
at both 500 and 750 MHz, we should be able to observe by regularization and refinement by simulated annealing.
negative NOEs for spins with correlation times longer than After repeating the refinement protocol six successive times,
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Ficure 3: Portion of alH—5N HSQC spectrum of S4 acquired at 750 MHz and°@7 The sample conditions were 0.3 mM-[°N]S4
in 20 mM sodium acetatds, pH 5.3, and 250 mM KCI.

we could not detect any improvement measured either by able of these are R13, L15, and 117, each of which has an
individual structure energies or by the frequency and number $"9¢ value near 0.7 when restraints are included. Turning
of restraints satisfied. In general,2@3 of the 25 structures  to v, we note that several ranges of residues show substantial
contained no restraint violations, and these accepted strucincreases ir§""9¢ particularly 16-15, 26-33, and 46-44.
tures were analyzed further. As expected from the small num-However, only R13, R14, L15, and 117 show increases for
ber of restraints, the resulting structures were largely disor- both dihedral angles. In addition, we note that P30, P32, and
dered and contained no stable elements of secondary strucP33 show a substantial increase in ordegpatvhich when
ture. However, preliminary calculations of angular order par- combined with their inherent order atimplies that these

ametersS"9¢ for backbonep andy (48), along with pair- residues are particularly well-ordered when restraints are in-
wise RMSD values for backbone atoms of short residue cluded.
segments, suggested that residuesi2and 36-33 exhib- Considering the pairwise RMSD calculations of backbone

ited a higher degree of order compared to the remainder ofatoms of four-residue segments shown in Figure 7, we find
the peptide. To investigate this finding further, we calculated a pattern similar to that shown by the angular order par-
two sets of 250 structures each, one with and one without ameters. While most of the residues show similar pairwise
the experimental restraints. In each case, the same protocolRMSDs both when restraints are present and when they are
were used, except that the structures were only subjected taot, two segments have sharply reduced RMSDs when
one round of refinement. Of the set of 250 structures cal- restraints are included. These segments a#RF.G;¢ and
culated with restraints, 217 contained no restraint violations PsYPPG., which each have RMSDs near 0.8 A or less,
greater than 0.5 A or 5(the remainder violated no more indicating that the backbone atoms of these residues are
than three restraints), and these structures were accepted angasonably well-ordered in solution.
analyzed. We again calculat&9q¢) and 3"9{y), along In an attempt to understand the nature of the structures
with a series of pairwise backbone RMSD values for seg- formed by segments;fRRLG;¢ and BoYPPG,, we analyzed
ments of four residues. The results of these calculations arethe (@, v) distributions of the individual residues in the 30
displayed in Figures 6 and 7. accepted structures having the lowest energies. Because the
Of significance are residues that have higher valu&gnef data poorly defined these torsions for residues S12, G16,
when restraints are included in the calculation. Beginning and G34, we selected those structures that plgcadd v
with ¢, we note two trivial cases: first, the values for the for the remaining residues in the most favored or additionally
five prolines are near unity given the fixed geometry of the allowed regions of the Ramachandran plé9,(5Q. This
pyrrolidine ring, and second, that of T5 is high as a direct resulted in sets of 21 structures each fgsRRL;s and RBg-
result of the torsional restraint on this residue. Disregarding YPPs3. Analysis of the structures fon§RRL;s revealed that
these cases, the residues that show an increase when restrairgghedral angles R14 and L15y each adopted two distinct
are included are Y4, R13, R14, L15, and I117. The most not- sets of values. The latter angle has little influence on the
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Ficure 4: 15N relaxation data measured at 500 MHz and®@7 Sample conditions were as indicated in the caption of Figure 3. Residues
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conformation of $RRL;s however, R14 lies in the middle
of this segment and significantly influences its conformation.

0 Intra
Segqg
Short

N

Of the 21 structures, 16 placed Ra4andy at 50.6+ 8.0°

and 61.2+ 10.6, respectively, while the remaining five
structures placed these angles-&3.9+ 17.4 and 70.2+
25.8. Thus, the major conformation ensemble for R14 lies
near the favorable region of the Ramachandran plot corre-
sponding to a left-handed helix, while the minor ensemble
lies near the favorable region corresponding t6-strand.

In addition to¢ and, we calculated/* and y** dihedral
angles for the L15 side chain, which was restrained by six
NOEs. These calculations showed that 15 of the 16 structures
of the major ensemble placed bgthand y>* in a single,
well-defined conformation. These 15 structures are sum-
marized in Table 1 and displayed in Figure 8, along with

8

Restraints

o

|

LI S u

the 21 structures of pYPPs3, all of which placedp andy

for these residues in a single conformational ensemble.
Sequence Alignmente conducted a BLAST searchl)

for residues +40 to identify the portions of the S4

Il
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L
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T
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Residue

0

|

Ficure 5: Summary of NOESY-derived distance restraints used in
structure calculations. Intraresidue, sequential, and short-range

5

N-terminus that are most conserved across various prokaryestraints are indicated by open, filled, and hatched bars, respec-

otes. A simple gapped BLAST search produced 27 unique tively.
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A 107 Table 1: Mean Dihedral Angles and Standard Deviations of Major
I Conformations of $RRL;s and BoYPPs3
0.8 r residue 1) Y
[ R13 —150.4+ 18.9 102.04 34.2
2 06r R14 51.4+7.4 61.8+10.7
H 3 L1512 —102.9+ 26.4 —-16.8+11.4
P oal L1511 ~114.0+17.7 ~156.1+ 12.4
L P30 —73.7+ 2.3 149.8+ 42.7
02l Y31 —107.2+ 47.2 131.7419.4
. P32 —72.8+ 2.4 171.8+ 3.0
[ P33 —78.5+ 2.7 151.3+ 45.7
0.0 brrrrrrr T T YT AURR
0 10 20 30 40 7 721
Residue L15 64.2+ 5.7 124.4+ 18.2
B 1.0 a Representing 8 of 15 structurdsRepresenting 7 of 15 structures.
0.8}
o 06]
©w [
0.4}
0.20" N ¢
0.0}

Residue

FIGURE 6: Angular order parameter${99 measured for (A}

and (B) vy dihedral angles.&) Values derived from the family of
217 structures calculated with restraints that contained no restraint
violations; (A) values derived from the family of 250 structures
calculated without structural restraints.

1.4

1.2

1.0 | .
L FIGURE 8: Structures taken from a set containing the 30 lowest
Z 08 [ energy members of the family of 217 structures calculated with
g r restraints. Backbone atoms are shown in black, and non-hydrogen
g 06 L side chain atoms are shown in gray. Residues are labeled near the
C C positions. The structures shown place bgthandy in the most
04 L favored or additionally allowed regions of the Ramachandran plot
C (50), except those for S12, which were poorly defined by the data.
0.2 | L
1 75% of the species listed (G16, Q35, and G37). These two
0.0 f—————————————— conserved regions are separated by a region whose length
0 10 20 30 40 and composition are highly variable among the listed species.

Residue
FIGURE 7: Pairwise backbone RMSD values calculated for four- DISCUSSION

residue segments, and plotted according to the first residue in each .
segment. &) Values derived from the family of 217 structures _ 1he Fold of Residues 4200 Is Unaffected by the
containing no restraint violationsAj values derived from the ~ Presence of the N-Terminu®ne of our initial concerns in

family of 250 structures calculated without structural restraints.  this study was to determine whether the previously deter-
mined structure of S#41 was valid for the corresponding
sequences, all encoding protein S4 from either a eubacteriakesidues (45200) of the full-length protein. The first
or a chloroplast ribosome. These sequences are summarizedvidence that this was the case was provided by the backbone
in Figure 9, along with the ribosomal S4 sequencesHor  chemical shifts, which are known to be sensitive to local
coli and Salmonella typhimuriugrwhich were two of 162  structural changes. Despite different purification protocols,
sequences produced by a PSI-BLAST search. We note thathe assignments for these spins are remarkably similar
there appear to be three regions in the N-terminus that containbetween S4 and 2¥1. Even stronger evidence was
highly conserved residues: residues72 12—-16, and 28 provided by thé®N- and*3C-separated NOESY data, which
37. In particular, the latter two regions contain the five also were indistinguishable between the two proteins. The
residues that are identically conserved in all listed speciesonly significant difference detected between these residues
(R13, R14, P33, G34, and H36) while also containing in S4 and SA41 was revealed by thEN relaxation data.
additional residues that are identically conserved in at leastWhile in general the trends in the relaxation data are very
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similar for these residues in the two proteins, the aveflage reduced flexibility and that may be represented by a small
at 500 MHz for residues 45200 in SA41 was 104t 17 number of solution conformations.
ms (M. A. Markus and D. A. Torchia, unpublished experi- A Backbone Bend Orients Two Conged Arginines.
ments), while that for S4 was 680 14.4 ms as mentioned Residues 1216 form one of two segments identified by the
above. This is consistent with S4 having a longer overall data as having increased structural order relative to the
correlation time than S¥41, as expected given the 25% N-terminus as a whole. The only NOE connecting nonse-
increase in molecular weight. Therefore, the data suggestedjuential residues in the N-terminus was observed in this
that the only significant effect of the N-terminus on residues segment, and this NOE along with nine others significantly
45—200 was simply to reduce their overall rate of tumbling. reduced the backbone RMSD values for these residues and
The N-Terminus Is Mobile on Multiple Time Scalghile also increased the angular order parameterg fandy for
the relaxation data suggest that residues2@ tumble in ~ R13, R14, and L15. Careful inspection of the family of
solution as a well-structured unit, these data paint a radically S€'ected low-energy structures described above confirmed
different picture of the behavior of residues44. The mere  that while the peptide backbone does bend at residues 13
fact that the{'H} —1°N NOE values for these residues are 15, this bend does not form a typlcal t|ght turn. Tpand
negative indicates that they are mobile on very fast time ¥ Values for R13 and R14 (putative residues 2 and 3 of the

scales (picoseconds to nanoseconds): on the other hand, th!™) conform most closely to those of a type II Bg);

fact that we observed separate peaks for the minor conforma—however' the “outer” two dihedral angles (Rg¢3and R14

tions produced by prolineis—transisomerization establishes ) q;ffer ?ﬁ/ ~50‘.’dfrom t[\ew cfafi)glcal valfues. Theze vallljgs
that there is slow rotation (time scales milliseconds to position the amide proton o away from resiaues-

: : 4 so that the characteristic-# hydrogen bond between
seconds) around four peptide bonds. Against the backgroundtlhis proton and the carbonyl oxygen of S12 cannot be formed.

of these two motional regimes, the data suggest that thereRather, it is the side chain of L15 that is directed back toward

are additional subtleties to the dynamics of these residues. .
S12 by the NOE between L15%Hand R13 H and by five
If one proceeds along the backbone from Q50 toward M1, additional L15 side-chain NOEs, two of which were strong

one finds that thd values smoothly increase to @ maximum intraresidue contacts to the L15VHThese restraints were
at G37 and then decrease to a minimum near Y31, followed sufficient to fix bothy? andy?* of the L15 side chain in one

by another maximum near G21 and a minimum near 111, . .
and then a final increase toward M1. Notably, these trends predommant conformation (Tfible 1. The bend was further
i determined by strong or medium restraintsdgp for R13,

are mirrored almost precisely in tHéH} —1°N NOE data L . :
: . : S R14, and L15. An additional NOE is predicted by the model
with T, values decreasing as NOEs increase and vice Versay L. ieen the amide protons of R14 and L15; however, the

These trends are therefore complementary and, given the

; .~ “proton resonance frequencies of these two spins differ by
changes in the NOE value_s, show that at_ least the fast tlmeOnly 0.04 ppm, preventing us from observing this NOE.
scale motions are not uniform. Interestingly, the tWg

minima correspond very well with SRRLGs and Rg Perhaps thg most striking feature _of this bend is the resul_ting
YPPG,, the two segments identified by structural calcula- parallel positioning of the side chains of R;S and R14, Whlch
tions aé having increased order in solution, lending support are both directed away.fr.om the bend out into solvent, G|yen
to a model in which the overall motion ,of the peptide th_at both of these arginines are absolutely _conserved in a
. wide variety of eubacteria and chloroplast ribosomes, and
backbone is reduced at these segments. given the known propensity for arginines to be involved in
In principle, further information on backbone dynamics RNA binding 63, 54, the segment containing these two
and hydrogen bonding can be inferred from the proton residues is a reasonable candidate for a preordered motif that
exchange rates of the backbone amides. Given that wemay be involved in interactions between S4 and the 16S
observed cross-peaks from water protons to all resolved RNA.
backbone amide protons in the N-terminus, we calculated A Proline-Rich Segment Forms a Nascent Turn of a
estimated protection factors from these data. We note thatpolyproline Il Helix. The second segment of the N-terminus
these protection factors are based on estimated rate constanigentified as having increased structural order is the proline-
that may also contain contributions from both direct and rich segment RYPPGy. Proline has long been known to
exchange-mediated cross-relaxation; however, given therestrict the conformational flexibility of the polypeptide
highly flexible nature of these residues, cross-relaxation rateshackbone %5), and this is reflected in the slightly decreased
are small relative to the rate of direct exchange with solvent backbone RMSD values for this segment when no experi-
protons. As mentioned above, all of the observable amide mental restraints are included in the structure calculations
protons in the N-terminus have protection factors that both (Figure 7). A similar reduction in RMSD is also evident near
are near unity and are relatively invariant throughout the P7. However, unlike the region near P7, the RMSD values
N-terminus, suggesting that the N-terminus behaves largelyfor P;,YPPG, decreased markedly when the experimental
as a flexible peptide. While the protection factors for residues restraints were included in the calculations. This segment
12—18 are slightly higher than those of surrounding residues, was restrained by 15 NOEs, including four backbone to side-
and the protection factor for Y31 is the second highest in chain contacts and five side-chain to side-chain contacts
the N-terminus, these values are no more than twice that ofbetween sequential residues. These restraints also increased
the mean value oP. We therefore find little evidence of the S$"9qy) values of residues 3@33. Turning to theg
transient hydrogen bonding in the N-terminus. On the basis torsions, no change i was observed for the proline
of all these data, we propose a model in which the N-terminus residues, as expected given the relatively fixed geometry of
is, in general, flexible and disordered but which neverthelesstheir pyrrolidine rings; however, no change was observed
contains two segments; BRLG;s and BoYPPGy,, that have for Y31 ¢ either, suggesting that this torsion is ill-defined
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by the data. Inspection of thep,(v) distribution of Y31
showed thatp populated two states: one in tlifestrand
region and one in an unfavored regiow, ) = (~60°,
120-180C), of the Ramachandran plot. When we limited the
set of lowest energy structures to those that plateddy
within the most favored or additionally allowed regioig)

the situation naturally improved, but Y3iretained signifi-
cant variability. Similarly, the/t andy? dihedral angles of
Y31 are poorly defined by the data, and as shown in Figure
9, the aromatic side chain sampled a variety of conforma-
tions.

The conformations of proline-rich regions in proteins have
been increasingly studied in recent years, particularly because
such segments have been found to be involved in numerous
protein—protein interactions 56). While increasing the
proline content of a peptide segment has been shown to
reduce the overall backbone dynamics in solutibi),( it
has also been found to predispose such segments to adopt
secondary structure known as the polyproline 1l hetig)(

The polyproline Il helix is typically observed for sequences
of four or more adjacent prolines; however, these helices
have been found in segments containing no prolif}, (
and a survey of XPPX sequences in solved structures
revealed a tendency of all four residues to adopt this
secondary structur®®). While theg torsion in prolines tends

to be near-65°, in the polyproline Il helix this torsion shifts

to near —78°, while y is positioned neart+146° (58).
Interestingly, the mean values ¢fandy for residues 36

33 agree well with these canonical values for the polyproline
Il helix. Moreover, the resulting structures position P30 and
P33 in very similar orientations, as expected given the three-
residue length of a polyproline Il helix turn. Thus, the data
suggest that thespYPP;3 segment forms a single, nascent
turn of a polyproline Il helix. We again note that this region
of the N-terminus, spanning residues—2%, is well con-
served in eubacteria and chloroplast ribosomes, particularly
residues 3337. Given that S4 is known to be involved in
the binding of other ribosomal proteins in the assembling
ribosome and that the equivalent residues in Ehecoli
protein 83—47) were identified as being necessary for proper
ribosome assembly, it is reasonable to suggest that this
proline-rich region may be a putative site for these important
protein—protein interactions.
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