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ABSTRACT: Standard mechanism protein inhibitors of serine proteinases bind as substrates and are cleaved
by cognate proteinases at their reactive sites. The hydrolysis constant for this cleavage reaction at the
Pi—P1' peptide bond Knyg) is determined by the relative concentrations at equilibrium of the “intact”
(uncleaved, 1) and “modified” (reactive site cleaved, I*) forms of the inhibitor. The pH dependence of
Knya can be explained in terms of a pH-independent tédm°, plus the proton dissociation constants of

the newly formed amino and carboxylate groups at the cleavage site. Two protein inhibitors that differ
from one another by a single residue substitution have been found tokhavevalues that differ by a

factor of 5 [Ardelt, W., and Laskowski, M., Jr. (1991) Mol. Biol. 220 1041-1052]: turkey ovomucoid

third domain (OMTKY3) haXyd® = 1.0, and Indian peafowl ovomucoid third domain (OMIPF3), which
differs from OMTKY3 by the substitution RTyr?His, hasKy,«® = 5.15. What mechanism is responsible

for this small difference? Is it structural (enthalpic) or dynamic (entropic)? Does the mutation affect the
free energy of the | state, the I* state, or both? We have addressed these questions through NMR
investigations of the | and I* forms of OMTKY3 and OMIPF3. Information about structure was derived
from measurements of NMR chemical shift changes and trans-hydrogendamnglings; information

about dynamics was obtained through measurement@®Nofelaxation rates anéH—1°N heteronuclear

NOEs with model-free analysis of the results. Although the I* forms of each variant are more dynamic
than the corresponding | forms, the study revealed no appreciable difference in the backbone dynamics
of either intact inhibitor (OMIPF3 vs OMTKY3) or modified inhibitor (OMIPF3* vs OMTKY 3*). Instead,
changes in chemical shifts and trans-hydrogen-kboduplings suggested that thgyq° difference arises

from differential intramolecular interactions within the intact inhibitors (OMIPF3 vs OMTKY3) in a region

of each protein that becomes disordered upon reactive site cleavage (to OMIPF3* and OMTKY3*).

The steps leading to the hydrolysis and resynthesis of the Koo Kot .
reactive site peptide bond of a standard mechanism protein E+I Yot CW E+1 @)
inhibitor can be written in simplified form a)
where E is the enzyme and C is the stable complex between
*The assigned chemical shifts, coupling constants, and relaxation enzyme and inhibitor and | and I* are, respectively, the intact

data have been deposited at BioMagResBatth:www.bmrb.wisc.edu e e . . A
under acquisition D es bnre5 18 (%MTKY?S"’ bmrs519 (OMTKy3®, nhibitor and the modified (reactive site hydrolyzed) inhibitor.

bmr5520 (OMIPF3), and bmr5521(OMIPF3¥). The hydrolysis constaiityyq is defined aKnyq = I*/1, where
* To whom correspondence should be addressed. Phoie(608) | andI* are, respectively, the concentrations of the intact
263-9349. Fax:+1 (608) 262-3759. E-mall: marki@nmrfamwiscedu. — and modified protein. Although a smalll, catalytic amount of

1 Abbreviations: CSA, chemical shift anisotropy; DSS, 4,4-dimethyl- . . h ilibri : |
4-silapentane-1-sulfonaté&. coli, Escherichia coli K, hydrolysis proteinase Is needed to reach equi ibrium in a reasonable
constant for the cleavage reaction at the reactive site of a protein amount of time, the hydrolysis constant depends solely on
protlelnasg Inf;:bltorKhyd°,th-Indep?n%&%ﬁ%potr%er&t %ﬁyd; NOE'f " the properties of the intact (1) and modified inhibitor (1*).
nuclear Overhauser enhancement; , third domain of the o i
proteinase inhibitor (ovomucoid) from turkeiéleagris gallop@o) The pH dependence dfyyq is given by @)
consisting of residues 1385 of whole ovomucoid (Swiss-Prot . N
P01004);Ry, spin-latter ice relaxation raté,, spin—spin relaxation K. =K.° @1+ [HTVK,+ KJH 2
rate; rCMTI-V, recombinan€ucurbita maximarypsin inhibitor-V; Rex, hyd hyd ( [ ] 1 2 [ ]) ( )
chemical exchange contribution to the decay of transverse magnetization ) o )
during the CPMG pulse trair¥, order parametef?, order parameter  whereKpyq® is the equilibrium constant for the reaction where
for faster motions for cases in which two time scales are requéd; the newly formed carboxyl terminal is deprotonated and the

order parameter for slower motions for cases in which two time scales . . .
are required; SNase, staphylococcal nuclegsepin—lattice relaxation newly formed amino-terminal is protonated akidandK,

time; T, spin—spin relaxation timer., effective correlation timet, are, respectively, the ionization constants of the newly formed
overall molecular tumbling correlation time. The Schecter-Ber@ier ( carboxyl and alkylammonium groups. Equation 2 holds

nomenclature is used to specify residue positions relative to the reactivejnsofar a5 there are no significant perturbations of other
site peptide bond (As the residue whose side chain is recognized by

the specificity pocket of the proteinase; residugare to the N-terminal ~ i0nizable groups in the protein as a consequence of the
side of the cleavage site; residugg &e to the C-terminal side). cleavage reaction.
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Protein Inhibitors of Serine Proteinases

Turkey ovomucoid third domain (OMTKY3) is a Kazal-
type inhibitor of serine proteinase8, (4). It inhibits chy-

motrypsin-like enzymes in a standard, substrate-like manner.

The pH-independent hydrolysis constant of OMTK¥g,°,
has been determined to be unity at neutral g}lifdicating
not only that the intact and modified inhibitors have
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after cell harvest and lysis, inclusion bodies were separated
by centrifugation.

Fusion protein was isolated from the cell pellet under
denaturing conditions by the following procedure. The
inclusion bodies, which had been washed several times with
lysis buffer (50 mM Tris, 100 mM NaCl, pH 7.6) containing

equivalent free energies, but that they also have equivalent1% (v/v) Triton X-100, were dissolvechi6 M GdmCI in
association constants with the enzyme. Nevertheless, thehe presence of 100 mM DTT for 2 h. The insoluble cell

denaturation temperature of a modified inhibitor is always
lower than that of its intact form5j. In addition, the ratios
kon'kon* @and Kori/kor* are normally large and vary with the
identity of the proteinase5f. Inhibition by a modified
inhibitor frequently is kinetically slow.

Structures of intact and reactive site modified OMTKY3
and some other ovomucoid third domains of the Kazal family
have been determined in solutidd8) and in crystals§—

15). Solution structures of OMTKY3 and OMTKY 3* have

debris was removed by centrifugation, and the clear super-
natant was dialyzed three times against 20 mM acetic acid.
The dialyzed solution was centrifuged to remove precipitate,
and the protein was renatured by rapid dilution of the
supernatant into 50 mM Tris buffer containing 1.74 mM
B-mercaptoethanol.
The purified fusion protein was dissolved in 0.1 M HCI,

and cleavage was initiated by addition of a 30-fold molar
excess of CNBr. The reaction mixture was covered with

shown that, upon reactive site peptide bond cleavage, thealuminum foil and incubated at room temperature in the hood
residues immediately at the clip site are less constrained andor 4 h with gentle mixing. Excess CNBr was removed by
have fewer contacts with the main body of the protein. lyophilization 4-5 times with double-distilled bOD. The
However, structures of other segments of the reactive siteProtein of interest was separated from SNase by elution with
loop and the scaffolding region (protein core) remain rigid. @ gradient of 10% to 70% acetonitrile on a C18 reverse-

In crystal structures of OMSVP3* (reactive site cleaved silver
pheasant ovomucoid third domain) and OMJPQ3* (reactive
site cleaved Japanese quail ovomucoid third domdid), (
the charged end-groups do not form ion pairs with one
another. In modified inhibitors, the H-bond observed in intact
inhibitors between the side chains of Phr'” and R'-GIlu®®
is broken, and the H-bonds between thg-Rsn* side chain
and the backbone carbonyl groups effrt” and R'-Glu®®
are absent or weak. The stacking of the side chains'ef P
Tyr?® and B'-Prc®?, present in intact inhibitors, is preserved
in the modified inhibitors and may help stabilize the newly
formed N-terminal peptide (residues-123) and lower the
Khya® of the inhibitor.

This investigation had two goals: (1) to investigate the
physical basis for the very smal,¢° for OMTKY3 and
(2) to understand the structural or dynamic origin of the
change ik’ resulting from a single amino acid replace-
ment at residue 20. OMTKY3Ky¢® = 1.0) has P-Tyr?,
and Indian peafowl ovomucoid third domain (OMIPK3,4°
= 5.14) has P-His?® (2). Investigations of the structural or
dynamic origins of thermodynamic differences as small as
this (~1 kcal/mol) are highly challengingl6, 17). Our
approach was to utilize newer NMR methods for determining
protein dynamicsi8, 19) and hydrogen bonding20, 21).

EXPERIMENTAL PROCEDURES

Protein Expression and PurificatiorAs described else-
where @2), OMTKY3 was produced fronkEscherichia coli

phase HPLC column. For uniford¥C/*5N or*>N labeling,
the host cells were grown dfiC-glucose as the sole carbon
source and/ot®N-ammonium chloride as the sole nitrogen
source.

Corversion of Intact Inhibitor to Modified Inhibitorintact
forms of OMTKY3 and OMIPF3 were converted to OM-
TKY3* and OMIPF3* by methods described befotz 24)
with minor modifications. The intact inhibitor was dissolved
at a concentration of 23 mM in 1.5 x 102 M HCI; the
final pH of the solution was adjusted WwitL M HCI to pH
1.5 for OMTKY3 and 1.9 for OMIPF3. Pronase (Calbio-
chem, CA) was then added to a final concentration of 1 mg/
mL. The mixture was stirred gently at room temperature for
24—48 h. The cleavage reaction as monitored ¥y, PN]-
HSQC NMR spectroscopy was judged to be 90% complete.
The progress of the reaction was followed by monitoring
the intensities of thé N2—1H%2! and 1°N2—1H%2? cross-
peaks from R'-Asn®3, which exhibit distinct chemical shifts
in the intact and the modified form of the inhibitorg4j.
After the reaction, the digestive enzymes were removed by
chromatography on a Sephadex G-50 colummx (%0 cm)
preequilibrated with 0.02 M HCI. OMTKY3* and OMIPF3*
were then desalted and separated from their intact forms on
a reversed phase C18 HPLC column.

NMR Sample Preparation and Data CollectidProtein
samples labeled uniformly witH*N or >N-+3C were
dissolved at a concentration o2 mM in 90% HO/10%
D,0O containing 100 mM KCI. Data were collected at two
pH values: 6.0 and 3.9. All NMR spectra were recorded at

BL21(DE3) pLysS cells grown on a minimal medium; the 25 °C on Bruker spectrometers equipped with triple reso-
expression plasmid coded for the fusion protein with nance probes'd, 3C, >N, with ?H lock) andz or three-
OMTKY3 linked to staphylococcal nuclease with an engi- axis pulse field gradient capabilities. Quadrature detection
neered cyanogen bromide (CNBr) cleavage site in the linker in the indirectly detected dimensions was obtained either by
between the two proteins. The methionines originally present the echo-antiecho or States-TPPI meth2§).(*H chemical
in staphylococcal nuclease were converted to alanines toshifts were determined relative to the internal reference,

remove additional CNBr cleavage sit&s). To produce the
P.'-Tyr?®His variant (OMIPF3), the gene coding for OMT-
KY3 was modified appropriately by site-directed mutagen-

esis. The isolation and purification procedures were as

described previously2@) with slight modification. In short,

sodium 2,2-dimethyl-2-silapentaine-5-sulfonate (DSS), while
the 1°N and'3C chemical shifts were indirectly referenced
to DSS @6).

15N T; andT, and*H,'®N NOE measurements, for the intact
and modified forms of each inhibitor at pH 6.0 taken at three
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Ficure 1: [*H,'5N]-HSQC spectra of £2 mM protein samples at pH 6.0: (a) OMTKY3, (b) OMIPF3, (c) OMTKY3*, and (d) OMIPF3*.

magnetic field strengths'fi frequencies: 750.13, 600.13, provided in the software package. The parameter-fitting
and 499.84 MHz) and for each modified inhibitor at pH 3.9 module in Sparky was used to determifiheT; andT, values
taken at two field strengths (750.13 and 600.13 MHz), were by nonlinear least-squares fitting of experimental intensities
analyzed to obtain generalized order paramei#)s éffec- for each peak to a single-exponential decay; these values
tive correlation times for internal motiond of backbone were inverted to obtaif®™N R; and R, values, respectively.
NH vectors, and chemical exchange terRs) The pulse The reported error estimates are the standard deviations
sequences used were those described by Farrow €t8nl. (  derived from the data fittingsH—'°N steady-state hetero-
with a slight modification to include water flip-backRT) nuclear NOEs were calculated from ratios of experimental
and 3-9-19 WATERGATE 48) techniques for eliminating  peak heights: the heights of peaks from spectra with proton
the water resonance. At each magnetic field strength, nineirradiation during the recycling delay divided by those from
data sets were collected to meastifé T, and eight data  spectra without proton irradiation during the recycling delay.
sets were collected to measupfdl T,. The delay values for ~ Uncertainties in peaks heights were assessed from RMS
the >N T; measurements were as follows: (750.13 MH2 baseline noise levels. Repeated measurementdldf;, and
0, 10, 100, 200, 400, 600, 800, 1100, and 1500 ms; (600.13T, relaxation values and heteronuclear NOEs were averaged.
MHz H) 0, 10, 100, 200, 400, 600, 800, 1000, and 1400 **N relaxation parameters were analyzed within the extended
ms; (499.84 MHZH) 0, 10, 100, 200, 300, 500, 700, 900, model-free framework30—32) by using the program Mod-
1100, and 1400 ms. The delay values ¥ T, measure- elFree v. 4.0 33). The difference between the parallel and
ments were as follows: (750.13 MHHE) 0, 24, 48, 72, 96, perpendicular components of th&N chemical shift tensor
144, 192, and 240 ms; (600.13 MHH) 0, 24, 48, 72, 96, was taken to be—160 ppm 84). To account for the
144, 184, and 256 ms; (499.84 MPH) 0, 24, 56, 88, 128,  variability in the 5N CSA (35) and systematic errors in
176, 224, and 280 ms. In each data series, one or twomeasurements df, (36), the uncertainties for thod® and
duplicate spectra were collected for the purpose of error R, whose initial error estimates were below 7% were set to
estimates. For théH—1°N steady-state heteronuclear NOE 7% of their values.
measurements, two spectra, acquired with or without proton
presaturation, were recorded in an interleaved manner.  RESULTS

Trans-hydrogen-bon#Jyc connectivities were measured . ) .
by collecting 2D long-range TROSY-H(N)CO data set$)( Chemical Shift AssignmentgH, *N]-HSQC spectra of
at 750.13 MHz!H and 2D long-range H(N)CO data sets OMTKY3, OMIPF3, OMTKY3*, and OMIPF3* samples,
(without the TROSY schemep9) at 500.13 MHZH. The a_II at pH 6.0, are compared in Flgure 1. The presence of
3, values were derived from the spectra as described bySingle strong peaks for each residue for OMTKY3 and
Cordier and Grzesiek2(). The error estimates are the OMIPF3 and strong peaks with only minor cross-peaks for

standard deviations derived from the results of two inde- OMTKY3* and OMIPF3* is consistent with each protein
pendent experiments. adopting a single major stable conformation.

Analysis of the Relaxation ParameteMMR spectra were Backbone'H, N, and'3C’ chemical shift assignments
processed with Felix95 software (Molecular Simulations Inc., for OMTKY3 at pH 6.0 were determined from published
San Diego, CA) and analyzed with the Sparky software values obtained at a variety of pH valu&¥{39). Most of
package (http://www.cgl.ucsf.edu/home/sparky). Intensities the resonances of OMIPF3, which differs from OMTKY3
of cross-peaks were obtained from peak-picking routines by only one residue @ Tyr?°His), could be assigned on the
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(2) >3ppm also exhibited a slightly higher chemical shift deviation in
= 1_2 | OMIPF3/OMIPF3* than in OMTKY3/OMTKY 3*.
& 11 Chemical Shift Changes Resulting from the Replacement
5 0-8 I Tyr’®His. As indicated by comparisons of theN, 5N, and
9 5 8 11 16 20 24 27 30 33 36 39 42 45 48 51 54 13C' chemical sh_lfts of OMTKY3 ant_j OMIPF?, (Figure 2b),
Residue Number the most extensive backbone chemical shift changes between
(b) OMTKY3 and OMIPF3 occur in the segment' #&5lut®—
2 015 Ps'-Lew?s. Upon replacement of RPTyr?° by histidine, the
g 0'*""r"‘‘|‘|'lI'L‘‘*"'l"~l1“"_'—"‘”" amide nitrogen of P-Arg?! shifts downfield by 1.8 ppm,
0% and the carbonyl carbon of/FGIu®® shifts upfield by 0.4
< 03 ppm. In addition, large chemical shift changes were also
z 2 observed for the carbonyl carbon ofsPGly3? (JA6C'| =
g2 ol R F—— . 0.5 ppm) and the amide group ofsPAsn®3 (JAON| = 1.0
g || ppm). No appreciable backbone chemical shift perturbations
i were detected for residues in other parts of the primary loop
z 05 and the core regions of OMTKY3 and OMIPF3.
CR RIS S | I “““““ S e, 15N Relaxation Data and Order Parameters at pH .6.0
5§ 23 I Relaxation parameters were measured for all the expected

3 6 9 13 17 20 24 27 30 33 36 39 42 45 48 51 54 52 backbone amide resonances in thg intact forms of
Residue Number OMTKY3 and OMIPF3 (all but the N-terminal;Leu! and
FiGURE 2: (a) Weighted average amide NH chemical shift differ- € three prolines). In OMTKY3*, relaxation parameter

ences as a function of residue number for (black bars) OMTKY3* measurements were carried out for all the expected 51
vs OMTKY3 and (white bars) OMIPF3* vs OMIPF3. (b) Differ-  backbone amides (all those from OMTKY3 less the new

ences at pH 6.0 between thd, **N, and**C’' chemical shifts of  N-terminal residue P-GIu9). In OMIPF3*, reliable quan-
OMTKY3 and OMIPF3. it : i ;

tification of peaks intensities was obtained for only 49
backbone amide resonances, as the resonance’'felis?°

basis of their similarity to those of OMTKY3. Those that was missing and that forPLel?® overlapped the signal from
could not be determined in this way were assigned by P,-SeP

combined analysis of'*N edited [H,'H]-TOCSY and
[*H,*H]-NOESY data sets. The backboni&l and °N
resonances of OMTKY3* and OMIPF3* were also assigned
in this manner, with advantage taken of publishedNMR
assignments for OMTKY3*Z4). Assignments for all four

The data analysis assumed an axially symmetric diffusion
model for all the proteins. NMR structures of OMTKY®8)(
and OMTKY3* (8) were used as the coordinate frames for
intact forms and modified forms of inhibitors. Axial diffusion
. . . . : tensors were initially estimated by the software package
Egg'gzgedgztggt;”d?pé’l\c/’lggg Information Table S1 and ~,Apg|c DIEFUSION (A. G. Palmer, Columbia Univer-

. ] : o ) sity). Residues for which NOE 0.65 at 600.13 MHZH

Chemical Shift Changes upon Modificatidthe weighted  \vere excluded from consideration for this analysis, owing
average chemical shift deviations for eaetf'>N pair, Aavg- to possible fast internal motions or conformational exchange
(NH), between intact and modified inhibitors were calculated on the sub-ms Sca|d_1). Furthermore, the Criteriome)
as described by Garrett et akQ), where Ay g(NH) =

{[(A(S_H)2 + ((AON)/5)3/2} V2. The 'H—15N cross-peak from M,0-T, O,0-T,
P,'-His?*® in OMIPF3* could not be observed at pH 6.0, - — -<15x SD 3
owing to rapid exchange with solvent; instead, the chemical 7,0 T, 0]

shifts of B'-His?® determined at pH 3.9 were used for the

comparison §*HN = 9.14 ppm and!>N = 122.9 ppm). As ~ was applied to the remaining residues, where SD is the
shown in Figure 2a, the largest chemical shift changes uponstandard deviation of the collection of values of the left side
cleavage are confined to the residues around the reactive sitefor all residues considered at each field.

In addition, sizable chemical shift changes were observed Using the initial estimates of the diffusion tensor resulting
for residues in thex-helix and C-terminal regions of the from the quadratic analysis, a model was selected for each
inhibitors that lose contacts with the reactive site loop upon residue of each protein, according to the procedure described
cleavage. As an example, upon cleavage'tié! andtH?%? by Mandel et al. 43). Relaxation data from most of the
signals of Rs-Asn® shift closer by 0.9 ppm in OMIPF3/  residues in the four proteins were fitted best by the one-
OMIPF3* and 1.0 ppm in OMTKY3/OMKTY3*; these shifts parameter model (model &) or two-parameter models
can be accounted for by the loss of H-bonds between the(model 2, andze; or model 3,% and Ry, WhereRy is

side chain amide group ofi-Asn®® and backbone oxygens slow-motion “chemical exchange” contribution). Residues
of P-Thr'” and R'-GIu'®. Residues to the C-terminal side in the N-terminal tails (P-Ala? to P;s-Val®) required the

of the cleavage site exhibited nearly identical chemical shift three-parameter model (model 5?2, S?, andze, whereS?
perturbations in OMTKY3/OMTKY3* and OMIPF3/OM- s the order parameter for faster motions &fds the order
IPF3*, whereas residues immediately N-terminal to the parameter for slower motions) or were not fitted adequately
clipped site exhibited larger chemical shift perturbations in by any of the models. For residug' Hyr?° in OMTKY 3%,
OMIPF3/OMIPF3* than in OMTKY3/OMTKY3*. Rg- only two reliable relaxation parametef8N R; and*H,*N-
Gly®4, which according to crystallographic studidgl) forms NOE at 750.13 MHz) were available, and these could not
H-bond with B'-Pro in both intact and modified inhibitor,  be fitted to any of the models. In the final optimization of
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Table 1: Average Order Parameter Values for Secondary Structural Elements of the Four Proteins: OMTKY3, OMTKY3*, OMIPF3, and
OMIPE3?

residues turkey ovomucoid third domain Indian peafowl third domain
structural element considered OMTKY3 OMTKY3* OMIPF3 OMIPF3*
o 34-43 [10] 0.92 (0.02) [10] 0.91 (0.03) [10] 0.90 (0.04) [10] 0.90 (0.03)
Bl 23-25 [3]0.87 (0.05) [3] 0.86 (0.05) [3] 0.85 (0.04) [2] 0.86 (0.07)
52 30-31 [2] 0.85 (0.03) [2] 0.83 (0.02) [2] 0.82 (0.01) [2] 0.82 (0.02)
B3 50-53 [4]10.89 (0.02) [4] 0.86 (0.02) [4] 0.88 (0.06) [4] 0.87 (0.03)
reactive site loop residues -6 [9]0.81 (0.11) [9]0.79 (0.10) [9]0.82 (0.09) [8]0.75 (0.12)
reactive site loop residues 121 [5] 0.83 (0.08) [3]10.49 (0.17) [5]0.84 (0.07) [3]0.46 (0.22)
turn (1) 26—-29 [4]0.92 (0.03) [4] 0.91 (0.04) [4]0.89 (0.04) [4] 0.89 (0.04)
turn (I1) 32-33 [1]0.88 [2] 0.89 (0.02) [1]0.91 [2] 0.90 (0.01)
turn (111 44—49 [6] 0.85 (0.05) [6] 0.85 (0.05) [6] 0.83 (0.05) [6] 0.83 (0.05)

aThe numbers in square brackets indicate number of residues for which data were available; values in parentheses are error estimates.

the diffusion tensor, residues from the five N-terminal © OOMTKY3 @ OMTKY3*

: ; . 11
res!dpes were excluded |r.1.0rder to av0|.d _adyer;e effects froms 8 ¢ oo 2 00990055000 000000050008, Pu2000,
their increased local mobility. Powell minimization was used 0.5 ‘p! L a

for the final optimization. 0

The molecular symmetry of OMTKY3* is highly similar o OMPF3 ® OMPF3*
to that of OMTKY3. On the basis of their solution structures, _ 1 - O en %@w
a relative ratio of 1:0.84:0.71 was determined for the G5 | Gg '% [ ]
principal moments of the inertia tensor of OMTKY3, and a 0 b
relative ratio of 1:0.86:0.76 was determined for those of 0 1'0 2'0 3'0 4'0 5'0
OMTKY3*. For OMTKY3, the optimized correlation time Residue Number
for overall tumbling, rm, was 3.6 ns with a diffusion
anisotropyD,/Dp = 1.1; for OMTKY3*, 7, = 3. 5 ns with

D,/Dp = 0.89. For OMIPF37y, = 3.5 ns withD, /Dy = 1.2; ) R
for OMIPF3*, 7, = 3.6 ns withD/Dy = 1.1.

1
The average values of the order param&aedetermined & oy * gy entP S egugatone "oasfedeete

with the designated model for each residue from\Ral® to 00 o.'ﬂ‘ igi

Psg-Cys® were 0.87+ 0.07 for OMTKY3, 0.86+ 0.07 for 0 ' ' ' ‘ '
OMIPF3, 0.84+ 0.12 for OMTKY3*, and 0.82+ 0.13 for 0 10 A e N O %
OMIPFE3*. The order parameters indicate that the rigidities ggure 3: Order parameterss?): (a) at pH 6.0 for OMTKY3,
of the scaffolding region (from RLel?? to Psg-Cys®) are OMIPF3, OMTKY3*, and OMIPF3*; (b) at pH 3.9 for OMTKY3*
comparable for all four proteins. Order parameters derived and OMIPF3*.

for the N-terminal residues were consistently lower than

average in both the intact and modified forms of the

inhibitors (Figure 3a). Fitting of the relaxation data for these 0.3 in the modified inhibitors compared Wi = 0.86—
residues required a two-time-scale spectral density function,0:87 in the intact inhibitors. The order parameteré fgr P
which suggested that the N-terminal tail is disordered on aAr921 were determined as 0.64 0.05 in OMTKY3* and
picosecond to nanosecond time scale. On the other handg g5 1 10 in OMIPF3*, lower than the values for the intact
residues flanking the disulfide bridge(FCysS’—P2g-Cys®)  inpiitors by 0.22 and 0.23, respectively. The peptide amide
exhibited more rigidity than did other residues in the reactive roup at the P-site exhibited rapid hydrogen exchange with
site loop. Order parameters greater than 0.87 were determineqyater which resulted in very wedk—1°N correlation peaks
for Pi;-Cys’ and Rg-Sef in both forms of each inhibitor. o p,_Tyr20 of OMTKY3* and no observable peaks fos' P
Internal mobility was observed for the reactive site, even in 14520 of OMIPF3*. Although none of the relaxation models
the intact inhibitors, as shown by lower than average order agequately fitted data from,PTyr2%in OMTKY3*, the 15N
parameters for residues-Phr'’ through B'-Arg?! of both R, (1.8 s1) and {H}-5N NOE (0.61) values determined
OMTKY3 and OMIPF3 (Table 1). P-Glu required fitting  for this residue atH 750.13 MHz were indicative of high
by a two-time-scale spectral density function in both disorder. Altered backbone mobility upon hydrolysis was also
OMTKY3 and OMIPF3 (withze = 1200 & 820 ps in  observed for other residues in the primary loop. For example,
OMTKY3 andze = 790+ 960 ps in OMTKY3). Fitting of 2 ¢, andR., terms were required to fit the relaxation data
relaxation data for thePsite required two-parameter models  for P,-Ala® and B-Cys'®in both OMTKY3* and OMIPF3*,
(with 7e = 43 £ 16 ps in OMTKY3 andRex = 1.70+ 0.25 while only & terms were necessary to fit the relaxation data
s! in OMIPF3). The modified forms of the inhibitors of these two sites in the intact inhibitors. However, no
exhibited more extensive internal motions, as shown by the significant difference in local mobility was observed either
order parameters determined for residues in the newly formedbetween OMTKY3 and OMIPF3 or between OMTKY3* and
N-terminal residues (P-Ps'), which were far below the = OMIPF3*,

average. Fitting of the measured relaxation data for all of In both the intact and modified forms of the inhibitors,
these residues required the two-time-scale spectral densitymost of the residues that requireg parameters to fit the

function. The newly formed C-terminal residueylReuls,
displayed the largest changes in mobility, with= 0.2—
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Ficure 4: Comparable regions of long-range 2D H(N)CO spectra of (left) OMTKY3 and (right) OMIPF3. Trans-hydrogen-bond couplings
h3jyc indicative of H-bonds are denoted by two numbers: the residue number of the amide H-bond donor followed by a slash and the
residue number of the carbonyl H-bond acceptor. The superscript “s” denotes an incompletely suppressed sequential correlation between

the 1N nucleus of residué and3C’ nucleus of residué — 1, whereas the superscript “i” denotes an intraresidje correlation.

Table 2: Order Parameters of Reactive Site Loop Residues of
OMTKY3* and OMIPF3* at pH 6.0 and pH 329

Table 3: Three-Bond Trans-Hydrogen-Bond Couplingshc,)
Determined for OMTKY3 and OMIPF3 at pH 6.0

OMTKY3* OMIPF3* OMTKY3 OMIPF3

residue pH6.0 pH 3.9 pH 6.0 pH 3.9 Shye  error  Shy¢  error

Py 0.71(0.04) 0.69(0.03) 0.73(0.06) 0.72(0.05) donor acceptor  (Hz) (Hz) (Hz) (Hz)
Ps 0.70 (0.04) 0.69(0.03) 0.66(0.04) 0.67(0.03) R21(N)(R) G32(0)(R{) 0.654 0.022 0.478 0.026
P, 0.52 (0.07) 0.50(0.07) 0.56(0.12)  0.47 (0.05) L23(N) (R') Y31(0)(Rs) 0.380 0.093 0.425 0.020
P 0.30(0.07) 0.23(0.05) 0.27(0.06) 0.29(0.06) C24(N)(R) H52(0)(R;) 0.686 0.009 0.659 0.020
P, 0.48 (0.08) 0.39 (0.06) G25(N) (F') K29(0)(Py) 0.794 0.044 0.740 0.007
Py 0.64(0.08) 0.61(0.07) 0.62(0.11) 0.50 (0.06) S26 (N) (R) T49(0)(Ry) 0.700 0.022 0.778 0.025
" - - Y31(N) (P3) L23(O)(R’) 0.814 0.015 0.798 0.026
Numbers in parentheses are error estimates. F37(N) (Rs) N33(0)(R7) 0.332 0001 0405 0.033
C38(N) (R¢) K34(O)(P¢) 0.776 0.016 0.757 0.013
relaxation data were located in the reactive site loop and the N39 (N) (1) C35(0) (R7) 0.338  0.038  0.249  0.031
; . V41 (N) (Ps) F37(0)(R¢) 0.565 0.009 0.490 0.007
loop between ther-helix and the thirgs-strand. In all the V42 (N) (Pd)  C38(0) (Bs) 0409 0017 0.387 0.005
proteins, B-Glu® and R4-His*2 consistently required thig.y S51(N) (Bs) C24(0)(R) 0.490 0.030 0.462 0.041

parameter to fit the relaxation data.

5N Relaxation Data and Order Parameters at pH .3.9 3hjye Trans-Hydrogen-Bond Connedties. Comparable
The relaxation data for OMTKY3* and OMIPF3* collected regions of long-range 2D H(N)CO spectra of OMKTY3 and
at pH 3.9 were analyzed in the same way as those collectedOMIPF3 are shown in Figure 4. The full spectra contained
at pH 6.0. For a given residue, the model providing the most 12 observablé"Jyc connectivities for OMTKY3 and 14 for
reliable fit to the data was usually the same at each pH value.OMIPF3. The concentration of the OMIPF3 sample was
One of the few exceptions was-Peu of OMTKY3*, which slightly higher than that of OMTKY3 sample; this may
required onlyre and< at pH 3.9 but which requireBey, 7e, account for observation of the two additional wetiByc
and<, at pH 6.0. The order parameters determined for each cross-peaks, which corresponded to H-bonds between NH
residue of OMTKY3* and OMIPF3* at pH 3.9 are compared of P;o—SeP and the side chain of;RAsp’ and between NH
in Figure 3b. For the data collected at pH 3.9, the average of P,3-Val*! and the backbone oxygen ofgRPPhé’. Only
order parameter, calculated for residugs\Ral® through RBg'- the 12 cross-peaks common to both molecules were included
Cys®, was 0.81 for OMTKY3* and 0.80 for OMIPF3*.  inthe comparative analysis (Table 3). Of these, five represent
Reliable relaxation parameters were determined at pH 3.9H-bonds in thes-sheet (with average couplings: 0.£3.19
for both B'-Tyr??in OMTKY3* and P,-His?® in OMIPF3* Hz in OMTKY3 and in 0.624+ 0.17 Hz OMIPF3), and five
through fitting to model 5. At this pH, the order parameters represent in H-bonds in the-helix (with average couplings
for the B’ and R' sites were determined as 0.480.08 and of 0.48 £ 0.19 Hz in OMTKY3 and 0.46t 0.19 Hz in
0.61+ 0.07, respectively, in OMTKY3* and 0.3% 0.06 OMIPF3). The largest difference (Table 3) corresponded to
and 0.50+ 0.06, respectively, in OMIPF3* (Table 2). On the coupling between the NH ofPArg?! and the backbone
the other side of the clipped site, each residue frogRl® oxygen of R/-Gly®, which was determined as 0.650.02
to Pi-Leut® yielded order parameters for OMTKY3* and Hz in OMTKY3 and 0.48+ 0.03 Hz in OMIPF3. Slightly
OMIPF3* that were equivalent within experimental error. different couplings were determined for H-bonds between
In addition, no significant differences in the rigidity of the P,3-Val** and R¢-Phé’, and between {£-Ser® and Ry'-
scaffolding region were observed either between the two Thr*®. Values determined for the oth&Wyc couplings in
modified inhibitors at the lower pH or between the two the two proteins were judged to be equivalent within
modified inhibitors at both pH values. experimental error.
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DISCUSSION proteins (0.88-0.89) was slightly higher than the average
values.

Chemical Shifts of the Intact and Modified forms of A, Rex term was consistently required for fitting of-P

OMTKY3 and OMIPF3 at pH 6.0Changes in the chemical )10 ang p,-His52 in all four proteins:; this result suggests
shifts of protein backbone atoms have been found to be 4 hoth of these two residues undergo a local conforma-
reliable reporters of local structural and conformational ionq fiuctuation on the millisecond scale. In the solution
changes44—51). Differences in the chemical shifts of intact structure of OMTKY3 7), a transient intraresidue H-bond
and modified OMTKY_3 or OMIPF3 indicated thqtthe major \yas proposed between the amide group and side chain
changes occur in residues near the cleavage sit€hP’— carboxylate of RGIu® it is possible that the making and

P,-Arg#, as expeited from structural studies of OMTKY3* 1,0 1ing of this H-bond could be the source of Bagterm
(8) and OMSVP3* (4). Additional appreciable chemical  jatermined for RGIUL,

shift.perturbations were observed for residues in thg C-  In both inhibitors. the mobilities of residues-Phrl7 to
terminal part of thex—helix; these result from the weakening Py-Arg?! in the reactive site loops were found to change

or disruption of noncovalent interactions between residues significantly upon modification (Table 3), with the average
in this segment and residues in the reactive 100p UPON o qer narameter for this stretch dropping from 0-83.08
modification (7, 52). in OMTKY3 to 0.49 + 0.17 in OMTKY3*, and from
This study revealed that the backbone chemical shifts of g 84 & 0.07 in OMIPE3 to 0.46+ 0.22 in OMIPE3*. In
P1/-Gly*2 and Rs-Asn® are altered by the single residue analyzing the dynamics of the three residues at the active
replacement at Psite. According to the structure of gjte (R, P, and R), in the intact states only;Rf OMIPF3
OMTKY3 (6), it is very unlikely that these chemical shift required two-parameter fitting (withe = 100 & 37 ps),
perturbations arise exclusively from a direct electrostatic or yhereas in the modified states of both inhibitors, all three
ring current effect from the side chain of the substituted sites required two_parameter f|tt|ng, Wlﬂa terms ranging
residue. Other residues close to the side chain of the P from 400 ps to 1 ns. By contrast, residuggPalé—P,-Cys'6
residue exhibit only small chemical shift changes between jn the primary loop showed no or only slight decreases in
OMTKY3 and OMIPFS3 (for example 0.1 ppm for the side g ypon modification, with an averag® values of 0.8%
chain C of Pi5-Asn®). Instead, on the basis of trans-H- .82 in the intact inhibitors to 0.750.79 in the modified
bondJ-coupling measurements (discussed below), the chemi-innipitors. Nevertheless, slow conformational exchange was
cal shift perturbations of the backbone resonancesi§f P getected for residues,Rlals (Rex = 2.074+ 0.35 stin
Gly*2 and Rs-Asn®® can be attributed to the changes in the oMTKY3* and 1.75+ 0.44 s'in OMIPF3*) and R-Cysi®
strengths of hydrogen bonds. (Rex = 0.85+ 0.25 s in OMTKY3* 0.80 + 0.24 st in
Backbone Dynamics of the Intact and Modified forms of OMIPF3*), whereas n®., term was required for either of
OMTKY3 and OMIPF3 at pH 6.0The equivalent overall  these two residues in the intact inhibitors (OMTKY3 and
correlation times and average order parameters determineddMIPF3).
here for the intact and modified forms of OMTKY3 and It is known that cleavage of the reactive site peptide bond
OMTIPF3 are consistent with their comparable molecular P,—Py’ results in the disruption of many local interactions,
weights and global structures. The sequential distributions including the H-bond between the side chains gf@u'®
of mean order parameters determined for the four proteinsand B-Thr?, as well as the H-bonds between the backbone
at pH 6.0 were also similar (Table 3). The average order oxygens of P-Glu'® and B-Thr'” and the side chain of,p-
parameters for the three most rigid regions of the four Asm? (14). The enhanced mobility of the reactive site
proteins were 0.960.92 for each helix, 0.890.92 for the residues is believed to provide an entropic compensation for

Pg'-Sef—Pyy'-Lys?® B-turn, and 0.880.91 for the Ry- decrease in enthalpy resulting from the loss of the peptide
Gly¥—Pi5-Asn* turn. Slightly lower order parameters were bond in the modified inhibitor.
determined for the firsg-strand (0.85-0.87) and the third No significant differences in backbone mobility were

B-strand (0.86-0.89). Still lower order parameters (0:82  observed, however, between the intact forms of the two
0.85) were determined for the secgftdtrand and the loop  inhibitors or between their modified forms (Table 1); the
between thex-helix and the thirg-strand. The absence of order parameters for all residues were equivalent within
a strict correlation between dynamics and secondary structureexperimental error. In both intact inhibitors; #5lu exhibited
type has been noted in other proteid$,(53, 54). similar internal motion in that fitting of the relaxation data
The N-terminal tail (P~Ala? to P,—SeP) consistently for this residue required the two-time-scale spectral density
exhibited the highest mobility in each protein. In none of function. Although the models chosen to fit the relaxation
the four proteins was it possible to fit relaxation data for data for the i P, and R’ sites were slightly different
P.-Ala? or Pig-Ala® to any of the models; this probably is a between each inhibitor in the intact and modified states, the
consequence of anisotropic local motion in the N-terminal order parameters were comparable (Table S2). These results
tail. The significantly lower than average order parameters appear to rule out differences in mobility at the reactive site
determined for B-Val* and RsSeP (0.30-0.50) are con- as being responsible for the difference Kq,° between
sistent with previous structural studies on OMTKY8-8, OMTKY3 and OMTKY3*,
52) as well as with results on the terminal regions of several Backbone Dynamics of the ReaetiSites of the Modified
other proteins 18, 19, 54—56). The C-terminal region was Inhibitors at pH 3.9 Because signals from the'Residue
found to be well ordered, as expected from the disulfide in the modified forms of the inhibitors were not resolved at
linkage between 2Cys* and Rg-Cys® and the participation ~ pH 6.0, it was not possible to rule out differences in mobility
of these residues in thirg-strand. The order parameter at this site. For this reason, the dynamic parameters of
determined for the C-terminal residugsPCys*® in the four OMTKY3* and OMIPF3* were investigated at pH 3.9,
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which is slightly higher than thelf of the carboxyl terminal
group of R-Leu in OMTKY3*. At this pH, hydrogen
exchange of the backbone amide proton of ther€sidue
(Tyr?0 or His?9) with solvent water is sufficiently slow that
theH—1'5N cross-peaks are well resolved. At pH 3.9, as was
the case at pH 6.0, there were no appreciable differences in
the order parameters of corresponding residues of OMTKY3*
and OMIPF3* either in the primary loop or the scaffolding
region (Figure 3b). Overall, the dynamic properties of the
reactive sites of OMTKY3* and OMIPF3* displayed by our , . . )
studies were found to be indistinguishable both at PH 6.0 GuiTicy3+ cisplayed on heir respecive tree-dimengionsl Sic-
and pH 3.9. In conjunction with the comparison of backbone tures 6, 8). The order parameter of each residue in OMTKY3 and
dynamics of OMTKY3 and OMIPF3 at pH 6.0, we conclude OMTKY3* is indicated by a color scheme in which red represents
that the difference inKp,® between the OMTKY3 and & < 0.55 (or unavailable because signals were not observed),

: . : : _ orange represents 0.55 < < 0.7, yellow represents 0.7 & <
OMIPF3 cannot be explained by differences in their dynam 0.8, Cyan represents 08 & < 0.85, and blue represents0.85.

ics. . . Depicted in black in the OMTKY?3 structure is the H-bond between
Analysis of Hydrogen Bond# precedent exists for the  the HY of Py'-Arg2! and the O of B,/-Gly32, which exhibited the

use of long range 2D H(N)CO measurements to monitor largesta®Jyc between OMKTY3 and OMIPF3; this H-bond is
perturbed H-bond lengths in a protei®9( 57). Cordier et~ @bsent in the modified inhibitor (OMTKY3%).

al. (29 used this method to determine that the lengths of .
some of the H-bonds in the c-Src SH3 domain shorten upon €nhanced mobility. Then why does r-CMTI-V have a much
ligand binding. Here we have used this approach to examine/9her Knd® than OMTKY3? This question needs to be

the H-bond network in OMTKY3/OMTKY3* and OMIPE3/  €Xamined in terms of the contributions of both entropy and
OMIPF3* (Table 3). Only three of the twelv®Jye con-  €nthalpy 10K’ In OMTKY3/OMTKY3*, the gain of

nectivities compared by this method show significant changesentrOpy at B-Arg* of OMTKYB’* is prpbably compensated
between OMTKY3 and OMIPF3: changes larger than twice by a loss in enthalpy resulting from disruption of the H-bond
the error of the measurement. These correspond to theP€tween B-Arg”!and R4-Gly*% Furthermore, structures of
H-bonds between theof Py -Arg2! and the O of Ry-Gly32 OMTKY3 reveal a local H-bond network surrounding the
(A*Jye = —0.176+ 0.048 Hz), between the Hof Pyg- scissile bond. The H-bond between the side chains,eof P
Phé” and the O of R/-Asr® (Agh\]’NC = 0.073+ 0.034 Hz) Thrt” and R'-GIu'®, as well as the H-bonds between the
and between the Hof P,3-Val*t and the O of Eb’-Phé7, hackbone carbonyl oxygens ot-Phri” and R'-GIu™® and
(A¥Jye = —0.075+ 0.016 Hz). According to the correlation € Side chain carboxylate of2Asn* (6, 7, 52), helps hold

betweerf"Jye and H-bond length(6), two of the H-bonds the scissile bond Py’ intact. These H-bonds become
lengthen and one shortens as a consequence of the substittRrOken a;fter hydrolysisg 14). By contrast in rCMTI-V/

tion P,-Tyr?His. The effects on the two weaker H-bonds CMTI-V*, which lacks this local H-bond networle@), there

are opposite and essentially cancel one another. Thus, théPPears to be no compensating enthalpic term balancing the

net effect is close to that experienced by the strongest H-bond€NtrOPY gain upon cleavage of the reactive site peptide bond
(that between M of Py-Arg?! and O of R4-Gly®3), which (58, 60). In addition, the disulfide link betweenf&ys'é and

qualitatively corresponds to about a 20% weakening or P17-Cys®and the firs-strand (R-Ler® to Py'-Gly) limit

1 kcal/mol lower free energy for OMIPF3 relative to the propagation of increased mobility toward either side of
OMTKY3. Since this H-bond is broken in both OMIPE3* the cleavage in OMTKY3* and OMIPF3*. N-terminal to the
and OMTKY3*, this one change in H-bond strength would CliPPed site only residues.Fand R exhibit appreciable
be sufficient to account for the observed difference in the €nhanced mobility, compared to the much bioader range in
Knye® values of OMTKY3 and OMIPF3. the newly formed C-terminal tail of rCMTI-V*J9).

Comparison of the Backbone Dynamics of OMTKY3 and
OMIPF3 with Those of Trypsin Inhibitor rCMTI-\NMR CONCLUSIONS
spectroscopy has been used to investigate the internal Characterization of backbone dynamics, analysis of chemi-
mobilities of another proteinase inhibitor (recombinant cal shift perturbations, and measurements of trans-H-bond
Cucurbita maximdrypsin inhibitor-V, rCMTI-V) in its intact couplings has led to a more comprehensive understanding
and modified states5@, 59). The Kyy® for rCMTI-V has of the relative structures and dynamics of OMTKY3,
been determined to be around 9 at pH 6.86).( As with OMTKY3*, OMIPF3, and OMIPF3*. Comparison of the
OMTKY3 and OMIPF3, considerable increases in local dynamic properties of the modified inhibitors with those of
mobility were observed upon reactive site cleavage of their intact forms indicated that the reactive site becomes
rCMTI-V to rCMTI-V*. The newly formed C-terminal much more mobile upon hydrolysis (Figure 5). However,
residues of rCMTI-V* (39-44) showed significantly de- no appreciable difference in backbone dynamics was ob-
creased order parameters, whereas residues in the newlgerved between either the intact or the modified forms of
formed N-terminal tail remained as rigid as they were in the OMTKY3 and OMIPF3. Thus, changes in dynamics appear
intact protein §9). The order parameters determined for the not to be responsible for the observed differenceéip’
P, and R residues of rCMTI-V* are comparable to those for turkey and Indian peafowl ovomucoid third doma#).(
determined here for the;Rand B residues of OMTKY3* Instead, the H-bond betweer'tdf Py'-Arg?t and O of R4-
and OMIPF3*. Unlike those in OMTKY3* and OMIPF3*,  Gly®2 was observed to be weaker by about 1 kcal/mol in
the B’ and R’ residues of rCMTI-V* did not exhibit OMIPF3 than in OMTKY3. Since this H-bond is broken both

OMTKY3*
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OMIPF3* and OMTKY3*, the difference in free energy 26
between OMIPF3 and OMTKY3 is sufficient, all other
factors being equal, to account for the observed change in 55
Khya® (Figure 5).

28
SUPPORTING INFORMATION AVAILABLE

Table S1 with complete assignments to the backbone
amide groups and the side chain amides of asparagines for
OMTKY3, OMTKY3*, OMIPF3, and OMIPF3* and Table
S2 with complete values for the relaxation parameters for
OMTKY3 at pH 6.0 are available free of charge via the
Internet at http://pubs.acs.org.
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