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ABSTRACT. The role ofcis—trans isomerizations of peptidyiproline bonds in the enzyme activity of
staphylococcal nuclease (SNase) was examined by mutation of proline residues. The proline-free SNase
([Pro]SNase), namely, P11A/P31A/P42A/PATTIP56A/P117G-mutant SNase, was adopted for elucidating
the correlation between the nuclease activity and the backbone conformational and dynamic states of
SNase. The 3D solution structure of [P{BNase has been determined by heteronuclear NMR experiments.
Comparing the structure of [Pr{sNase with the structure of SNase revealed the conformational differences
between the two proteins. In the structure of [BNase, conformational rearrangements were observed

for the loop of residues Alalt2His121 containing drans Lys116-Gly117 peptide bond and for the
C-terminala-helical loop of residues Leul37Glul42. Mutation of proline at position 117 also caused

the conformational rearrangement of the p-loop (AsplZ&u89), which is remote from the Alal12

His121 loop. The Alal1l2His121 loop and p-loop are placed closer to each other in[Bidase than

in SNase. The backbone dynamic features of dhlwop (Pro42-Pro56) of SNase are different from

those of [Pro]SNase. The backbone of theloop exhibits restricted flexibility with slow conformational
exchange motions in SNase, but is highly flexible in [R&Nase. The analysis indicates that the restrained
backbone conformation of the Alal1Plis121 loop and restricted flexibility of the-loop are two dominant

factors determining the enzyme activity of SNase. Of the two factors, the former is correlated with the
strainedcis Lys116-Prol117 peptide bond and the latter is correlated withciketrans isomerizations

of the His46-Pro47 peptide bond.

Proline cis—trans isomerism makes significant contribu- ol (Ala58—Ala69). Pro47 and Proll7 are located in two
tions to protein folding and function. The intrinsically slow loops, thew-loop (Pro42-Pro56) and the loop of residues
conformational steps, caused &ig—transisomerizations of  Alal12—His121, respectively. Measurable populationsief
peptidyproline bonds 1) can give rise to conformational  andtransconfigurations have been detected at the Lys116
heterogeneity in protein folding, resulting in multiple parallel Pro117 and His46Pro47 peptide bonds in SNasg, ©).
folding pathways. For some proteins, the prolgig-trans Approximately 90% and 20% of the SNase molecules have
isomerism can play an important role in their biological 3cjs Lys116-Pro117 peptide bond andcis His46—Pro47
functions @). The significance of prolineis—transisomer-  peptide bond, respectively. The segment of residues Tyr115
ism in the folding and function of staphylococcal nuclease asn118 adopts a type’ I3-turn conformation with the
(SNase) has received considerable attention for several ys116-Gly117 peptide bond in theansisomer and a type
decades. _ _ . .  Vlg B-turn conformation with the Lys116Pro117 peptide

SNase is a protein having no cysteine residues or lackingpong in thecis-isomer. Extensive studies have contributed

disulfide bonds, but contains six proline residues at sequencey, the getermination of the thermodynamic features of proline
positions 11, 31, 42, 47, 56, and 117. In the tertiary Structure ¢js_-ans jsomerization and the structural properties that

of SNase §, 4), Pro;l IS |n8—§trand His8-Alal2, an_d Pro31 g’nfluencecis—transequilibrium at the peptide bond Lys116

and Pro;lz arezre3|d|ues adja:jcer;lt to the C;jtermmal ends Obro117 7—12). It was indicated that some conformational

?e-tsli)rgcgvel(;/—yvrvhtreGagglgr)ogg a d?oi%rst[))thsetzrilrjter\rﬁr%-srtlf,helix restrictions must be imposed on the segment containing the
' Lys116-Prol117 peptide bond. The stress which causes the

strainedcis Lys116-Prol117 peptide bond originates in the
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of SNase with chain elongation from residue K110 to the sperm DNA at 100C for 30 min and rapidly cooling it on
C-terminal region of the molecule in vitro. In the folding of ice, was used as a substrate of the measurements. The
the 1-79 residue SNase fragment (SNase79), titaas measurements were performed at25with enzymes in 1.0
isomer of the GIn36-Pro31 peptide bond is responsible for mL of a solution containing 5@g/mL denatured salmon

the nativelike folding of the segment Thri¥al39, whereas  sperm DNA, 25 mM Tris-HCI (pH 7.4), and 10 mM Cagl

the cis-isomer of the GIn36-Pro31 peptide bond causes One unit of enzymatic activity was defined as the amount
SNase79 to be in an unfolded stafef)( However, studies  of enzyme causing a change of 1.0 absorbance unit/min at
of the kinetics of folding and unfolding of the proline-free 260 nm in a 1.0 cm cell.

variants (5—17) have indicated that multiple parallel NMR Spectroscopyll NMR experiments were run on a
pathway folding was detected despite the absence of prolineBruker DMX 600 spectrometer equipped with a triple-

in SNase. The fast folding phase corresponds to the refoldingresonance cryoprobe at 300 K for SNase and {F3Nase.

of the native proline isomer, and the middle folding phase The 3D*H—N—1C HNCO/HN(CA)CO, HNCA/HN(CO)-

may correspond to the slow refolding of the non-native CA, and HNCACB/CBCA(CO)NH experiments for back-
proline isomer. bone resonance assignments were performed with a sample

Although the effects of isomerizations of peptigydroline ~ Of [Pro]SNase. The 3D'H—*N—*C (H)CC(CO)NH/
bonds on the stability and folding of SNase have been studiedH(CCCO)NH, *H—13C HCCH-TOCSY,*H—'N TOCSY-
extensively, the influences afis—trans isomerizations of ~ HSQC, andH—"*N—*C HBHA(CO)NH experiments were
peptidyl-proline bonds on the backbone conformation and carried out for the assignments of side chain resonances of
dynamics of SNase as well as on nuclease activity have not[Pro-JSNase. The 3BH—*N NOESY-HSQC and TOCSY-
been deciphered clearly. SNase from the Foggi strain of HSQC and'H—3C NOESY-HSQC spectra of [PriSNase
Staphylococcus aureS§Nase WT) and SNase from the V8 Wwere collected with mixing times of 120, 60, and 120 ms,
strain (SNase(V8)) show only one amino acid difference at respectively 21, 22). All the NMR data were processed and
position 124, that SNase WT contains His124 and SNase-analyzed using FELIX98 (Accelrys Inc.). The data points in
(V8) contains Leu124. In the present study, we have adoptedeach indirect dimension were usually doubled by linear
a proline-free SNase(V8), in which all six proline residues Prediction €3) before zero filling to the appropriate size. A
have been replaced by alanine or glycine/threonine. The 90° to 60° shifted square sine bell apodization was used for
solution structure and backbone dynamics of proline-free all three dimensions prior to Fourier transformatichi
SNase(V8) were determined by heteronuclear NMR methods.chemical shifts were referenced to internal 2,2-dimethyl-2-
The structural and dynamic features of proline-free SNase- Silapentane-5-sulfonate (DSSJN and**C chemical shifts
(V8) were compared with those determined for SNase(Vv8). were referenced indirectiy24).

The effects of theis andtransforms of the Lys116-Pro117 For the backbone dynamics studies, the’2® T, and T,
and His46-Pro47 peptide bonds on the conformational and HSQC andH—""N NOE experiments were performed with
dynamic features of the corresponding segments werel MM SNase and [PrgSNase at 300 K using standard
described. The cause of the dramatic decrease in the enzymé@ethods 25). For >N T, measurements, the delay times were

activity of proline-free SNase(V8) was analyzed. setto 12, 62, 142, 282, 382, 522, 822, 1202, and 1602 ms.
For T, measurements, relaxation delays of 8.5, 17.0, 25.4,
MATERIALS AND METHODS 33.9, 50.9, 67.8, 84.8, 101.8, 118.7, 135.7, and 152.6 ms

were used. In the 2BH—N NOE experiments a delay of
Sample PreparationThe plasmid for expression of the 2 s was followed by'H saturation for 3 s, whereas the
proline-free SNase(V8) was constructed by creating one saturation period was replaced by a delay of equivalent
mutation at sequence position 124 along the gene of proline-duration in the control experiment. Two experiments were
free SNase WT. The proline-free SNase WT is a P11A/P31A/ run in an interleaved manner.

P42AIPATT/PS6A/P117G-mutant wild-type SNase. The site-  Structure CalculationThe NOE cross-peaks between main
directed mutagenesis was performed using PCR-mediatecchain protons, between side chain protons, and between main
megaprimer mutagenesitg). SNase(V8) and proline-free  chain and side chain protons were identified for [PENase.

SNase(V8) (we will call them SNase and [PIBNase,  The obtained medium- and long-range NOEs were used for
respectively, hereafter) were expressed and purified accordingdetermination of 3D structures of the protein. In the structure
to the procedures described previoudlg)( Uniformly *N- calculation, dihedral angle constraints were obtained using

labeled SNase, uniformiyN- and**C- labeled [Pro]SNase,  the program TALOSZ6). Restraints of=25° to -£60° were

and N/*C-doubly-labeled [ProSNase were obtained  applied forg¢ andy angles. Hydrogen bond restraints were
through bacterial growth in M9 minimal medium usity estimated by the slow H/D exchange data and the predicted
NH.CI (1 g/L) and™*C-glucose (2 g/L) as the sole nitrogen secondary structures using the CSI protocol. The structures
and carbon sources. The purity of the proteins was checkedwere calculated using the program CNS 27T)(on Silicon

by SDS-PAGE to be a single band. Samples of SNase and Graphics station Onyx 2. A family of 200 structures was
[Pro]SNase in 90% HKHO/10% DO containing 1 MM generated, from which a final set of the 20 best structures
proteins, 100 mM KCI, and 50 mM deuterated acetate buffer was considered for use in the analysis of structural statistics.
(pH 5.0) were prepared for NMR experiments. Determination of!SN Relaxation ParametersThe 15N

Nuclease Actiity Assay The enzyme activities of SNase relaxation rate constan® andR; for each residue of SNase

and [Pro]SNase for hydrolysis of single-stranded DNA were and [Pro]SNase were determined by nonlinear least-squares
measured with a Shimadzu UV-250 spectrophotometer by fitting of the intensities of the cross-peaks in the correspond-
monitoring the increase in absorbance at 260 &0).(The ing 2D NMR spectra to a monoexponential equation. The
single-strand salmon sperm DNA, obtained by boiling salmon uncertainties in the peak heights were estimated from the
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Ficure 1. 2D H—15N HSQC spectra of [PrdgSNase (A) and SNase (B) in aqueous solution. NMR resonance assignments are given by
the one-letter amino acid code and residue number.

root-mean-square value of the background noise reg@)s (  resonances were assigned, respectively. Cross-peaks of
TheH—'N NOE value was calculated as the ratio of peak Tyr113 and Tyrl15 cannot be observed in the 2B-°N
intensities measured from the spectra acquired with andHSQC spectrum of [PrdSNase. This may correlate to the
without irradiation during the recycle delay. The reported great changes in backbone conformation around residues
standard deviations for NOE values were obtained indirectly Tyr113 and Tyr115 due to the mutation of proline to glycine
from the root-mean-square baseline noise or directly from at position 117 of [Pro]SNase, since residues Tyr113 and
two independent experiments. Analysis of the rotational Tyr115 are very close to the-XPro peptide bond Lys116
diffusion tensor was performed using the program TENSOR Pro117 in the sequence position.

2.0 (29). The anisotropic diffusion parameters were calculated
using a subset of residues that did not show significant
increases iNR, values and had NOE values0.65. The
overall tumbling correlation times estimated fré%R; ratios

and axially symmetric diffusion tensor componeBigD -
were 9.50 ns and 1.35 for SNase and 9.50 ns and 1.28 fo
[Pro-]SNase, respectively. These diffusion parameters and
the Ry, R, and*H—1N NOE relaxation data were then used
as the input for the model-free analysB0). The model-
free parameters were obtained following the same procedur
as previously reported3().

The chemical shifts of assigned resonances for {|Sidase
were compared to those for SNase. Figure 2 shows the
chemical shift differences of th&#Hy, *N, H,, andC,
resonances between [Pl8Nase and SNasé\{Hy, AN,
rAlH“’ and A'3C,). The locations of the residues showing
remarkable chemical shift changes in the tertiary structure
of SNase are shown in Figure 3. Apparently, the substitutions
of alanines for prolines at sequence positions 11, 31, 42, and
26 and substitutions of threonine and glycine at residues
Pro47 and Prol17, respectively, can cause chemical shift
changes of nearby residues in the corresponding structural
RESULTS regions. Therefore, the explicit changes in the chemical shift

of Glu10 havingA(*3C,) > 1.5 ppm andA(*H,) > 0.2 ppm

Enzymatic Actiities. The nuclease activities of [Pri5Nase is due to the mutation at residue Proll in fhstrand of
and SNase were measured at’25to examine the effect of  residues His8Alal2. Pro31 adjoining the C-terminal of
the P11A/P31A/P42A/PA7T/P56A/P117G mutation on en- S-turnt2 (Tyr27—GIn30) is close in space to residues Leu25
zymatic function. The results reveal that the mutation of six and Tyr27. Thus, mutation at residue Pro31 caused large
prolines leads to a great decrease in the nuclease activity ofchanges in the chemical shifts of residues Leu25 showing
[Pro”]SNase. [Pro]SNase has only 1.4% of the activity of ~ A(13C,) > 4.0 ppm, Tyr27 showing\(*Hy) > 0.15 ppm,
SNase. This means [PrjSNase is almost inactive. GIn30 showingA(*3C,) > 1.5 ppm andA(*H,) > 0.3 ppm,

Changes in the Backbone Conformation of [Fi®Nase and Met32 showing\(*Hy) > 0.2 ppm. Pro56 adjoins the
The 2D'H—5N HSQC spectra of [PrgSNase (Figure 1A)  N-terminal of helixal (Glu57—Ala69) and is close to Ser59
and SNase (Figure 1B) show the assigned cross-peaks ofn the helical conformation. Thus, substitution at Pro56 can
amide groups of the proteins. For [PiBnase, 97%, 97%, cause changes in the chemical shifts of residue Ser59 as well
97%, and 99% of the backboriély, N, H,, and *C, as residues Tyr54 and Gly55. Ser59 shot($°N) > 1.0
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Ficure 3: Ribbon representation of the SNase structure. Arrows
indicate the sites of proline residues and residues showing large
chemical shift differences between [Pt6Nase and SNase.

(Pro42-Pro56), substitution at Pro47 largely influences the
chemical shifts of the nearby residues His46 showinig
(**N) > 1.0 ppm and\(*3C,) > 1.5 ppm and Lys48 showing
A(**N) > 1.0 ppm.

However, substitution at Pro117 caused changes in the
chemical shifts not only for nearby residues but also for the
residues in distant segments. In the loop of residues Alal12
His121 linking thes-strand (Ala109-Vall11l) and helixx3
(Glu122-Lys136), the observed chemical shift changes are
as follows: A(*Hy) > 0.2 ppm andA(*H,) > 0.2 ppm for
Alal12,A(*3C,) > 1.5 ppm for Tyr113A(*Hy) > 0.2 ppm,
A(*N) > 1.0 ppm, andA(*3C,) > 1.5 ppm for Lys116A-
(*Hn) > 0.6 ppm andA(**N) > 6.0 ppm for Asn118A-
(*Hn) > 0.4 ppm andA(**N) > 1.0 ppm for Asn119, and
A(*Hy) > 0.9 ppm andA(*3C,) > 2.0 ppm for Thr120. Thus,
as a consequence of the substitution at Prol17, the great
majority of residues in this loop provided large chemical shift
changes. Especially, the effect of mutation of Proll7
extended further to residues Ala109 in the sifistrand and
Glu124 in helixa3, which provideA(**N) > 2.0 ppm and
A(*Hy) > 0.2 ppm, respectively. This implies that mutation
of Prol17 may induce a conformational change of the
Alal12—His121 loop. Particularly, the mutation of Pro117
caused large chemical shift changes for residues in the
p-loop' (Asp77-Leu89) and the C-terminal loop (Leul37
Glu142) of helixo.3 of SNase. Residues Gly79, GIn80, and
Arg81 in the p-loop showed large chemical shift changes,
which areA(*Hy) > 0.4 ppm for G79A(*Hy) > 0.2 ppm
and A(*>N) > 2.0 ppm for GIn80, and\(**N) > 1.0 ppm
andA(*H,) > 0.4 ppm for Arg81. In the tertiary structure
of SNase 4), cross-segment hydrogen bonds were identified
among residues Glu75, Asp77, Gly79, and GIn80 in the
p-loop and Asn118, Asn119, Thr120, and His121 in the loop

secondary structural elements are indicated in the top of the diagram.of residues Alal12His121. Therefore, the replacement of

ppm andA(*H,) > 0.3 ppm, and Tyr54 and Gly55 show
A(*Hy) > 0.3 ppm andA(**N) > 1.5 ppm, respectively. The
large chemical shift changes of Thr41 showin§Hy) >
0.5 ppm,A(*H,) > 0.4 ppm, and\(*3C,) > 2.5 ppm as well
as Glu43 showing\(*Hy) > 0.2 ppm and\(**N) > 1.0 ppm
are due to the mutation of Pro42. In the flexikleloop

proline by glycine at position 117 changed not only the
backbone conformation of the AlaltPis121 loop but
probably the backbone conformation of the p-loop through
the hydrogen bond networks between them. THg and

1 Abbreviations: pdTp, thymidine'%'-bisphosphate; p-loop, pdTp-
binding loop (Asp77Leu89).
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the backbone coordinates of the 20 [A®@Nase structures

Table 1: Experimental Constraints and Structural Statistics for the -
was analyzed using the program PROCHECK_NMR)(

Family of 20 Structures of [PrgSNase

The results of the Ramanchandran map analysis are given

parameter value . . L
- in Table 1. Best-fit superpositions of the backbone heavy

Consgg:gfl‘;t%e: for structure atom coordinates of the 20 [Pr®Nase structures by

intraresidue NOEs(= 0) 799 MOLMOL (33) are shown in Figure 4A.

sequential-range NOESs & 1) 617 Figure 4B shows superposition of the 3D structures of

medium-range NOEs\(= 2-4) 374 [Pro-]SNase and SNase. The overall 3D structure of

g}ﬂg;;?%igfgf;g;gﬁnts 66542 [Pro-]SNase is similar to the solution structure of SNase

hydrogen bonds 08 (PDB code 1J00)M). However, differences in conformation

total no. of constraints 2695 can be observed between [PI8Nase and SNase. Explicit
RMSD from experimental local conformational rearrangements were observed for the

disﬁffg'?éitramts A 0.0038 0.0005 Alal12-His121 loop and C-terminabi-helical loop of

dihedral angle restraints (deg) 0.117®.0193 residues Leu137Glu142 aswell asthe p-loop of [PriENase.

RMSD from idealized covalent

As compared to the structure of SNase, the Alaidis121

geometry loop and the p-loop in the tertiary structure of [Pf®Nas

gg”féss(é)e ) Odogé% 8-88223 are located closer to each other. The C-terminal Let137

imgropersg 0.125Z 0.0051 Glul42 loop of [Pro]SNase is located closer to the segment
energies (kJ mot) of residues GIn106Leu108, which is a linker between helix

Ecotal 86.92+ 2.44 o2 and thep-strand of residues Alale9vallll. The

Evow 2213+ 1.52 conformational differences of these loops betweenBdase

Enoe 2.84+0.80 . . o

Eca 0.12+ 0.04 and SNase are associated with substitution at Prol17 as

Ebond 2.15+ 0.16 indicated by the above-described chemical shift changes. It

Eangle 56.79+ 0.93 can be seen in Figure 4B that the conformations of the
Raﬁ\gﬂ:ﬁgn dran analy&is6) 2.89+£0.24 f-strand of residues His8Ala12, f-turn 72 (Tyr27-GlIn30),

st favorable reé/ion 66.5 helix al (Glu57—Ala69), and the shorf-strand (Val39-

additionally allowed 27.8 Thr41) showed almost no changes in the structure of

generously allowed 4.7 [Pro ]SNase compared to the structure of SNase. Therefore,

disallowed 10 substitutions at residues Pro11, Pro31, Pro56, and Pro42 do

average RMSD from the mean

NMR Structurd not seem to alter the local conformations. Due to the

flexibility of the w-loop in both [Pro]SNase and SNase,

backbone, second structures 0.442 ! : -

heavy atoms, second structures 1.082 the conformational differences cannot be interpreted for the
backbone, all residues 2.022 segment containing mutation site 47.

heavy atoms, all residues 2.333

Backbone Dynamicd he experimental relaxation param-
) aExpeﬂmental constraints were imposed on residued-tisp'*. etersR; and R, and 'H—N NOEs for [Pro]SNase and
RMSD = root-mean-square deviation. No distance restraint was gngase are plotted against the residue number in Figure 5.

violated by more than 0.5 A in any of the final structures, and no S L fth | ion d be ob d
dihedral angle restraint was violated by more tharfStructure quality equence variations of these relaxation data can be observe
for the w-loop and for the N- and C-terminal regions of

checks were performed using the program PROCHE{Backbone
atoms include backbone N,,Cand CO. Heavy atoms include both  residues preceding residue Glul0 and following residue
backbone and side chain non-hydrogen heavy atoms. The term “secondrrp140, respectively. Both the N- and C-terminal regions
structures” means only resudyes in the secondary_ struc_tural elemerjtsof the proteins are highly flexible wittH—15N NOE values
were used. The term “all residues” means all residues in the protein - - )
were used. <0.6. The approximately simildH—N NOE values in the
range 0.43-0.73 but differenR; andR; values are obtained
13C, resonances of residues Ser141 and Glul42 in the loopfor a number of residues in the-loop (Pro42-Pro56) of
of residues Leul37Glul42 shifted explicitly;A(*Hy) > the proteinsR; andR; values for residues in the-loop of
0.15 ppm is obtained for both Ser141 and Glul142, And [Pro"]SNase and SNase, respectively, are larger than those
(*3C,) > 3.0 ppm is obtained for Glu142. This means the for residues in other structural regions, whd&eand R,
conformation of the Leu137Glul42 loop is coupled to the  values are spread in the approximately same range of
conformation of the Alal12His121 loop. This is consistent numerical values.
with an early assumption that the long-range structural The general order paramet&¥, effective correlation time,
changes near the C-terminal of SNase are coupled to ther., and Rex term describing the backbone internal motions
configurational state of Lys1t68Pro117 4). Therefore, the  on fast (hanosecond to picosecond) and slow (millisecond
identified chemical shift differences clearly elucidated the to microsecond) time scales were obtained for [P3dase
conformational state of [PrgSNase. and SNase (Figure 5). In the backbone dynamic st&dy,

3D Solution StructureAn ensemble of 20 structures of reflecting fast internal motions, is related to the degree of
[Pro ]SNase was converged with a relatively low backbone internal mobility. AnS of 0.7 is typically the lower limit
RMSD and a low target function energy compared to those for residues in an ordered structural region having restricted
of the rest of the 180 calculated structures. The number of internal mobility. Residues witl® values well below 0.7
experimental constraints and structural statistics for[Ridase indicate higher internal mobility and flexibility of the
are given in Table 1. The distribution of experimental corresponding structural region. The N- and C-terminal
constraints in the primary sequence is shown in Figure 1 of regions of two proteins are highly flexible, haviggvalues
the Supporting Information. The stereochemical quality of well below 0.7and. times exceeding 500 ps. TI®# values
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Ficure 4: NMR-derived structure of [PrgSnase: (A) superposition of the 20 structures of [P8mase; (B) ribbon representation of the
superposition of the [PrgSNase structure (yellow) on the NMR-derived structure of SNase (green); (C) ribbon representation of the
superposition of the Ca association site in the [Pr¢ENase structure (yellow) on that in SNase (green). The N-terminal seven residues
and the sequence region D14Q149 of the proteins are not shown.

for the vast majority residues of secondary structural elementsw-loop in SNase. The differemR, values were obtained for
including the p-loop and loop of residues Alatiis121 [Pro-]SNase and SNasR. is related to slow motions from

of [Pro"]SNase and SNase are larger than 0.7 with averagethe interchange between different molecular conformations
values of 0.92+ 0.07 and 0.9 0.08, respectively. This  on the millisecond to microsecond time scale and therefore
means the backbone of secondary structural elements includis correlated to the equilibrium populations of different
ing the p-loop and Alal12His121 loop of [Pro]SNase and  conformational states. Residues at positions 23, 43, 44, 46,
SNase exhibit similar high motional restrictions with a very 48, 49, 51, 52, 55, 113, 114, and 120 of SNase and 37, 54,
low degree of internal mobility. The-loop of SNase has 62, 118, 119, and 120 of [Pr{ENase showed significant

< values>0.7 but lower than the average value of 091 Rex contributions ¢ 3.0 Hz) (Figure 5). It can be seen that
0.08. However, thev-loop of [Pro]SNase hass values the w-loop of residues Pro42Pro56 of SNase features a
<0.7 as seen in Figure 5. Thus, theloop in [Pro]SNase number of contiguous residues having substaRialalues
exhibits relatively fast internal motions on the nanosecond lying largely between 3.04 and 22.2 Hz. For [Fj8Nase,

to picosecond time scale compared to the motions of the among the residues havifiy, values>3.0 Hz, only residue
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FIGURE 5: Sequence variation dfN relaxation parameter$; and R, rates and'>N NOEs, and model-free parameters, general order
parameter, effective correlation timege, and exchange rat&., for [Pro ]SNase and SNase at 300 K. The positions of the secondary
structures are marked at the top of the figure.

Tyr54 is in thew-loop. However, many contiguous residues the range 10001500 ps. In SNase, residues at positions 113,
in the w-loop of [Pro’]SNase haver, times in the range 114, and 120 showeBey values in the range 3-:¢6.0 Hz.
1000-1750 ps (Figure 5). This means theloop in SNase This indicated that substitution at Proll7 changed the
is likely to undergo a higher degree of slow conformational dynamic properties of the peptide bond around position 117.
exchange motions on the millisecond to microsecond time Residues around position 117 in [P{8Nase have less
scale. In contrast, [PrgSNase has a highly flexible-loop restricted internal motions than those in SNase. Therefore,
with very low motional restriction. For the turn region around the backbone mobility of thes-loop and residues around
the residue at position 117 of the AlatiBRlis121 loop in position 117 for [Pro]SNase is less restricted than that for
[Pro ]SNase R, contributions in the range 3-/.0 Hz were SNase. However, the p-loop and integrate loop of residues
observed for residues at positions 118, 119, and 120zand Alal12—His121 exhibit restricted backbone mobility with
times of the residues at positions 115, 117, and 118 were inlow flexibility in both [Pro"]SNase and SNase.
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Ficure 6: Superposition of the [PrgdSNase structure (yellow) on the X-ray structure of P117G-mutant SNase (purple).

DISCUSSION the Alal12-His121 loop and p-loop in the structure of SNase
It was reported that the individual P47G and P117G may be most suitable for DNA binding. The rearranged loop

mutations caused a 7-fold decrease of nuclease activity and” znzﬂgggﬁgsin?;rgsﬁ;gg ;L;??;injn?g\?c}rgﬁggrlg\l A
increased the protein stability by 0.9 and 1.5 kcal/mol, bep

respectively, whereas the P47G/P117G-doubly-mutantSNasebmdmg' In SNase, the C-terminal portion constructed by

has 1.9% of the activity of the SNase WT).(Thus, the r%suld:.:js V\\”/t?]l 1t]f]a:eA;F—)g-eAfnir(12?nr1nea(1jintg%gsuggr?sr?rilgtéésb
P47G and P117G mutations each cause a small decrease iﬁ P y y

nuclease activity and have almost the same effect on enzym fesidues His8Vallll (named thes-subdomain) through
y y %ong—range tertiary interactions between them. The hydrogen

acti_vity.. Only the P47G/P117G double'mutation cancause o orks are not only formed between the p-loop and
a significant decrease (about 53-fold) in nuclease activity. Ala112—His121 loop as mentioned above, but also formed
[Pro ]SNase has approximately the same nuclease activity y 16139 N-Gly107 O and Asni38 NbZGInlOG 0

as the P47G/P117G-doubly-mutant SNase. This suggests thagetween thex-subdomain ang-subdomain of the protein
the dramatically decreasing nuclease activity of proline-free 4 34 Th le i f Trpldo i % d b
mutant SNase is caused mainly by substitutions at residue ,d )'h b'e py_r(;o N g;glc% Lrp 108 ISAI smljcr)rgoun §|I 1>:/39
Pro47 and Prol17 and very little by the other four proline )r/]drC;?] gn:C I':iesr:ilili:efesigue L se;33 Whiih fo,rrina s?nall
residues. The possible role of Pro11, Pro31, Pro42, and Pro5 ydrophobigcgre The hydrc,)ge); bona networks and hydro-

in the nuclease activity and molecular stability of SNase hobic int i bet toe and bd ins hel
seems unimportant. This means the peptigyline bonds phobic intéractions between an 'B'SU. omains neip
to tack theo-subdomain onto thg-subdomain of the protein.

f His46—Pro47 and Lys116Pro117 pl [ tant rol . -
oriis rosr and Lys 0 play.an important rofe Many works have contributed to a better understanding of

in the physiologic function of SNase. Presumably, the he | ¢ idue Trp140 for th d
cooperative effect ofis—transisomerizations of the His46 ]E e |_mp0r]EaSn’ie 0 K/?SI ue rfp oat e structure &%
Pro47 and Lys116Pro117 peptide bonds on enzyme activity unctlpn of SNase. utatlo'n p.tryptop an at position

to amino acids other than histidine dramatically changed the

correlates with the backbone conformational and dynamic o .
states of the corresponding segments in SNase. nuclease activity and largely disrupted the structure of SNase

The Conformational State of the AlattBis121 Loop (35, 36). This can bel attributed to possible changes in the
Influences the Protein To Exert Functioftss was reported, backbone.confqrmatlon of the LGUBGl.UlA'? loop as a
the X-ray structures of P117G-mutant and P47G/P117G- re_sult ofdlsrgptlon of the Iong—r_ange tertiary interactions in
doubly-mutant SNase have very similar tertiary structures. NS aréa. This means changes in the backbone conformation
Addition of the P47G mutation appears not to cause any ©f the Alal12-His121 loop can transfer to the Leul37
additional structural change®)( Superposition of the NMR-  G1u142 loop through helix3 of residues Glu122Lys136
derived structure of [PrgSNase with the X-ray structure ~ &nd vice versa. Thus, the coupling betweenand S-sub-

of P117G-mutant SNase (PDB code 1SNP) shows essentiallydomains which is necessary for SNase to exert its function
the same backbone orientation except the p-loop and loop!S Néld by thecis Lys116-Prol17 peptide bond. Theans

of residues Alal12His121 (Figure 6). However, it is Lys116-Prol17 peptide bo_nd_, causing confor_mational rear-
reasonable to observe different loop conformations in solu- "2ngement of the-subdomain in [ProjSNase, disrupted this
tion and in a crystal. Here, the point is that the p-loop and COUPIiNg. As a consequence, changes in the coupling between
Alal12—His121 loop in both P117G-mutant SNase and two subdomains either in the DNA binding pocket or in the
[Pro-]SNase are located closer to each other compared tolocal structural region of Trp140, resulting from conforma-

those in the crystal structur&)(and solution structurej tional rearrangements, can weaken the binding capability of
of native SNase, respectively. This evidenced again that theSNase with DNA, reducing the enzyme activity.

observed conformational rearrangements in ff3blase are The conformational equilibrium raised by tloes—trans

the consequences of substitution at residue 117. isomerization of Lys116Proll7 is reported by residue

In the tertiary structure of SNase, the cleft formed by the His121 @, 11), implying conformational transitions of the
Alal12-His121 loop and p-loop is a putative DNA binding Alal12—His121 loop. The dominant conformational state of
pocket @). The tertiary structure of SNase favors the strained the Alal12-His121 loop containing theis Lys116-Pro117
backbone conformation of segment AlatiRro117 having peptide bond has a strained backbone conformation in SNase.
a cis Lys116-Prol17 peptide with an occupancy of 90% In [Pro ]SNase, the Alal12His121 loop has a conformation
(9), which is a favorable conformation for SNase to exert with a trans Lys116-Gly117 peptide bond, having no
physiological function. Thus, the backbone arrangements of conformational restrictions. At the same time, the backbone
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of the segment Tyr115Asn118 of [Pro]SNase is more In the structure of SNase, the-loop is not directly
flexible than that of SNase (Figure 5). Such a conformational involved in the putative DNA binding pocket. However,
flexibility of the Alal12—His121 loop facilitates conforma- DNA binding and degradation of SNase must intimately
tional rearrangement of the corresponding segments in thecorrelate with thew-loop, since thecis- and transisomers
o-subdomain of [Pro]SNase, influencing coupling with the  of the His46-Pro47 peptide bond of the-loop largely
pB-subdomain and reducing the DNA binding capability. influence the nuclease activity. As is well-known, many

Backbone Dynamic Properties of theLoop Are Impor- enzymatic reactions occur on the millisecond to microsecond
tant for Enzyme Actity. SNase is a Cd-activated extra- time scale. Millisecond to microsecond time scale backbone

cellular phosphodiesterase, requiring"Cian for degrading motio_ns have beep obse_rved in binding surfaces for'seve_ral
both DNA and RNA to 3nucleotides. C& ion is coordi- proteins, suggesting an important role for such motions in

nated by residues Asp21, Asp40, and Thr4l, which are molecular recognition. The enzyme cyclophilin A (CypA)

located inB-turn 71 (llel8—Asp21) andg-strand Val39- catalyzes theis—transisomerization of .the PhePro peptide.
Thral. The carboxylates of Asp2l, Asp40, and Thr4l bond of the substrate. Slow conformational exchange motions

forming a coordination sphere with a water molecule, are on the millisecond to microsecond time scale were detected

direct ligands of the Ca ion (34, 37). The C&" coordination fqr the active site of the enzyme. The backbone amide
site in [Pro]SNase is very similar to that in SNase (Figure nitrogen of Arg55 clearly experiences conformational ex-

4C). Thus, substitution at residue Pro42 generates only little change motions associatgd with the isomerization an_d b_inding
influence on the coordination sphere for 2Caion in process 29). The three different complexes B5cherichia
[Pro-]SNase. On the other hand, only mutations of Pro47 coli dihydrofolate reductase, E:foilate:NADFE:folgte, and
and Proll17 but not Pro42 and three other proline residuesEfOlate'DHNADPH’ represent different stages in the cata-

can give rise to a large effect on nuclease activity. Therefore, mgg&%ggtﬁ:giggerﬁggﬁrse;feez\%x frrrz;lrlrzsgczri}?c;t
decreasing nuclease activity as a result of removing 20% of 9

the cisisomer of the pepidytproline bond of Proa7 by BiREES 1 ite 008 BTG 8 R rommatona
substitution at residue 47 may correlate to changes in the

backbone dynamic features of tagloop. exchange motiqns occur vyithin the adenosing bindin_g pqcket
. . or even in transient dissociation of the adenosine moiety itself
Analysis of the'™N relaxation data reveals that theloop  (40). Apparently, internal protein dynamics are intimately
of SNase undergoes slow conformational exchange motionscgnnected to enzymatic catalysis. Thus, the flexibility
on the millisecond to microsecond time scale (Figure 5). This restrictions of thew-loop may be important for SNase to
means thev-loop is not completely random in SNase butis pind with DNA. In contrast, a highly flexibles-loop in
in exchange between different molecular conformations. [pro-]SNase may be unfavorable for DNA binding.
Early dynamic studies on SNase have also reported that |nterestingly, the flexibility of loops forming the binding
Glu52, Lys53, and Tyr54 in the-loop have'N or *Hy line pocket is necessary in vivo to make the binding site
widths larger than the average line width obtained from the accessible to a ligand. Such loops may be mobile on the
remainder of the residues, and this is most likely the result fast nanosecond time scale for lack of structure information
of local conformational averaging at a rate comparable to and may order upon binding of ligand molecules. However,
the chemical shift differences of the various conformational the loops forming the DNA binding pocket or involved in
forms 38). On the other hand, a dual spin system for His46 the binding of DNA have no sufficient flexibility in SNase.
was observed in the NMR spectrum of SNase, which The backbone of the p-loop exhibits restricted mobility, and
demonstrated a conformational equilibrium between two the integrated Alal1:2His121 loop has restricted confor-
substates of the-loop due to thecis—trans isomerization mational flexibility, whereas thev-loop undergoes slow
of His46—Pro47 §). Thus, the internal motions of the-loop conformational exchange motions on the millisecond to
in SNase are hierarchically composed of slow conformational microsecond time scale, showing restricted backbone flex-
exchange motions on the millisecond to microsecond time ibility in SNase. Probably, loops in the DNA binding surface
scale and conformational transitions raised bydise trans with certain degrees of restriction on motional flexibility and
isomerization of His46'Pro47 on the millisecond to second conformational flexibility are the inherent features for SNase
time scale. This suggests that some restrictions are imposedo exert enzyme function.
on the backbone of the flexible-loop, which shows a
restricted motional flexibility in SNase. However, mutation ACKNOWLEDGMENT
of residue Pro47 to Thr47 removed not ortjs—trans We thank Professor K. Kuwajima (University of Tokyo)
isomerization of His46:Pro47 but also the slow conforma-  for kindly providing the plasmid of wild-type proline-free
tional exchange motions on the millisecond to microsecond staphylococcal nuclease.
time scale from internal motions of the-loop. Thew-loop
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