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ABSTRACT. Turkey ovomucoid third domain (OMTKY3) is shown to exist at low pH as two distinctly
folded, interconverting conformations. Activation parameters were determined for the transition, and these
were of the type reported previously for cis/trans isomerizations of prolyl peptide bonds. Multidimensional,
multinuclear NMR spectroscopy was used to determine the three-dimensional structure of each of the
two states of RPro“Asp OMTKY3 at pH 2.5 and 25C, under conditions where the two states have
equal populations with interchange rates of 0.25 Fhe results showed that the two states differ by
cis/trans isomerization of thesH'yr''—P;-Pra'? peptide bond, which is cis in the conformer dominant at
neutral pH and trans in the conformer appearing at low pH. The major structural differences were found
to be in the region of the reactive site loop. The core of the protein, including the antipgraleket and

a a-helix, is preserved in both structures. The state with the cis peptide bond is similar to previously
reported structures of OMTKY3 determined by NMR spectroscopy and X-ray crystallography. The cis-
to-trans transition results in the relocation of the aromatic ring gTy?1, disrupts many interactions
between ther-helix and the reactive-site loop, and leads to more open spacing between this loop and the
o-helix. In addition, the configurations of two of the three disulfide bonds;Bys— P,d —Cys®, and
P;—Cysté— P,/ —Cys®, are altered such that the€C® distances for each disulfide bridge are longer by

~1 A'in the trans state than in the cis. Mutations at But8, Ps-Lys!3, and R-Pro4 influence the position

of the cis== trans equilibrium. In RLeu'8Xxx OMTKY3 mutants, the trans state is more favored by
P;-Gly!8 than by Ald® or Leul8; in Ps-Lys™Xxx OMTKY3 mutants, the trans state is more favored by
Ps-Glu'® and R-Asp! than Lys® or His!3. Stabilization of the trans state iB-Prot“Xxx OMTKY3 mutants

follows the series Xxx= Gly > Asp > Glu > Ala ~ His > Pro. In comparing the state with the trans
peptide bond to that with the cis, thé&pvalues of R»Asp’ and R'-Glul® are higher and those ofeP

Glul® and Rs-Glu*® are lower. The K, values of other titrating groups in the molecule are similar in
both conformational states. Thes&jpchanges underlie the pH dependence of the conformational
equilibrium and can be explained in part by observed structural differefté¢dransverse relaxation
results indicate that residues-Bys'®-P;—Cys'® in the trans state undergo a dynamic process on the
microseconemillisecond time scale not present in the cis state.

Turkey ovomucoid third domain, OMTKY3 (Figure 1), heterogeneity have been observed in OMTKY3 at low pH.
and bovine pancreatic trypsin inhibitor, BPTI, are the two The first is the low pH transition (pkly 2.8) observed
most- and best-studied, small molecular weight, standard-initially by optical spectroscopy in whole chicken ovomucoid
mechanism %), canonical 8) protein inhibitors of serine  (6); this “Donovan transition” has been assumed to be
proteinases. OMTKY3 was first isolated as a 56-amino acid triggered by deprotonation of an acidic group in the protein.
limited-proteolysis fragment from whole ovomucoid, the
second most abundant (after ovalbumin) protein from egg 1 Nomenclature: OMTKY3 stands for the third domain of the

) s . proteinase inhibitor (ovomucoid) from turkeiéleagris gallopao),
white (4). The protein is monomeric and stable over a broad gics prot P01004. Residues in OMTKY3 are denoted ;a8

pH range (pH +12) (). Two types of conformational  where P denotes the Schect@erger notation for proteinase inhibitors
(1) with i values for residues to the N-terminal side of the cleavage
site andi' values for those to the C-terminal side, Xxx is the three-
T This work was supported by NIH Grants RR 02301 (to J.L.M.) letter amino acid code, arjdis the residue number according to 56-
and GM 10831 and GM 63539 (to M.L.). residue OMTKY3 domain (starting with the sequenc#@AVS®...).
* Structures have been deposited at the Protein Data Bank (trans stat®OMTKY3 mutants are also described by dual notation, egRr8“Asp
at pH 2.5, PDB code 1M8C; cis state at pH 2.5, PDB code 1M8B) and for substitution of B-Pro** by Asp. C denotes the state of OMTKY3
NMR data at the BioMagResBank (trans state at pH 2.5, bmr 5473; with the cis B-Tyr''—P;-Pro? peptide bond, and” denotes the state

cis state at pH 2.5, bmr 5472). with the trans peptide bond. Abbreviations: DTT, dithiothreitol; DSS,
* To whom correspondence should be addressed. Ph¢Ag608) 4,4-dimethyl-4-silapentane-1-sulfonat&. coli, Escherichia coli
263-9349. Fax:+1 (608) 262-3759. E-mail: markley@nmrfam.wisc.edu. GdmcCl, guanidinium chloride; OMTKY3(656), OMTKY3 consist-
§ University of Wisconsin-Madison. ing of residues 656; rmsd, root-mean-squared deviation; SNase,
"Purdue University. staphylococcal nuclease; TPPI, time-proportional phase incrementation.

10.1021/bi034053f CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/08/2003



The OMTKY3 Reactive Site Biochemistry, Vol. 42, No. 21, 20035381

ously lyophilized from water in one of the two solvents
described below to give a final protein concentration of
approximately 23 mM. The two solvents, which differed
only in the content of BO (90% HO0/10% DO or 100%
D,0); each contained 100 mM potassium chloride, 0.02%
sodium azide, 2% (v/v) of a proteinase inhibitor cocktail
(Product no. P 2714, Sigma Chemical Co., Saint Louis, MO,
dissolved in 1 mL), and 1 mM DSS as an internal chemical
shift reference. The pH of the sample was measured at room
temperature, both before and after the NMR data were
collected; if these measurements differed by more than 0.10
pH unit, the spectrum was not used. The glass electrode
(Biological Combination Electrode, Beckman, Fullerton, CA)
was calibrated with commercial standard buffers at pH 1.0,
4.0, and 7.0 (Fisher Scientific, Fair Lawn, NJ).

NMR SpectroscopyNMR data were collected at the Na-
tional Magnetic Resonance Facility at Madison (NMRFAM)
on Bruker DMX 600 and DMX 750 spectrometers equipped
FiGure 1: Primary structure of turkey ovomucoid third domain, With three-axis gradients triple-resonance probes. Unless
OMTKY3. Residues in the consensus region of contact with serine otherwise indicated, all data sets were collected at sample
proteinases are outlined in green. The arrow indicates the reactive-pH 2.5 and temperature 2%. [*H—'H]-TOCSY spectra

site peptide bond. The conformational transition studied here is ;sed to follow the pH dependence of proton chemical shifts
linked to cis/trans isomerism about the peptide bond joining residues : : o ; .

Pe-Tyr'l and P-Prdi? (highlighted in yellow). This bond normally ~ Wer€ acquired with mixing times of 50 ms; the PPl mo_de
is cis, but when RPro“ is mutated fo other residues or whep P~ Was used for quadrature detection of the indirect dimension.

Leu!8 is mutated to Gly or His, the trans configuration becomes Data sets collected for determining sequence-specific back-
more highly populated. Residues colored red and blue are onespone and side chain assignments consisted d+2PROESY,
whose K, is shifted up or down, respectively, as the result of the o) 114 15\,-2 spin order exchange experiments, 3D HNCA,
gialﬂgﬂgrt]r%rf\sggrr\&lr;g %c:yormatlonal heterogeneity is abolished 3D HNCOCA, 3D HNCACB, 3D CCONH, 3D HNCO, 3D

_ . HCCH-COSY, 3D H(CCO)NH, and 3D"*N TOCSY-
The second is a transition observable by NMR spectroscopyHsQC. Distance constraints were based on four additional
at low pH, which leads to doubling of peakg)(Because  nyclear Overhauser enhancement (NOE) data sets, each
this transition affects the local environment of residues in cojlected with the mixing timet, = 125 ms: 3D 5N
the consensus contact region with serine proteinases (residuegOESY, 3D3C NOESY with3C carrier frequency in the
outlined in green in Figure 1), the structural consequences gjiphatic region, 20H NOESY in 90% HO/10% DO, and
of this transition and its dependence on the identity of »p 14 NOESY in 100% DO. Care was taken to discriminate
residues in the contact region are of considerable interestNOE cross-peaks from cross-peaks originating from direct
We report here that the transition involves @i trans  chemical exchange or spin diffusion mediated by chemical
isomerization of the PTyr'— Pr-P.'? peptide bond, re-  exchange 12). An HNCO experiment with long-range
arrangement of two of the three disulfide bridges in the conerence transfer was performed to obtain tRic
molecule, and enhanced internal dynamics of residées P connectivities for detection of hydrogen bonds3)( 15N
Lys'*—Ps-Cys'®. We use the notatio@ for the state shown  transverseRy) relaxation data¥4) were collected with the
to contain the cis #Tyr''—P-Pro' peptide bond and for  Bryker DMX750 spectrometer using relaxation delays of 0,
the state shown to contain the trans peptide bond. Mutations1g 32 64, 96, 144, 192, and 240 ms.
of residues in the region of OMTKY3 that contacts serine  NMR spectra were processed with either XWINNMR3.2

proteinases were found to affect the equilibrium betw8en  (gryker, Billerica, MA) or FELIX95 (Molecular Simulations
andT. Three-dimensional structures of the individ@aand Inc., San Diego, CA) software. ARH dimensions were

T states have been determined under conditions where theyeferenced directly to internal DSS, arfdC and 15N

are equally populated. The dependence of the equilibrium gimensjons were referenced indirectly to DIS)( Sparky
on pH can be explained by structural differences that changeggfiware (http://www.cgl.ucsf.edu/home/sparky) was used in
pKa values of individual residues. These results complement gssigning and analyzing NMR spectra. The parameter-fitting
the large database of sequence struetfuiaction relation-  madule of Sparky was used to determiii R, relaxation
ships in avian ovomucoid third domaing)( parameters by fitting peak intensities determined at different
relaxation delays.
EXPERIMENTAL PROCEDURES Structural Calculation and Structural AnalysiEhe simu-
Protein Expression and Purification Variants of lated annealing protocol of the torsion angle dynamics
OMTKY3(6—56) with R residue substitutions (Ala, Asp, program DYANA (16) was used in calculating all structures.
Gly, Glu, and His) were prepared at Purdue University Peak lists from the three aforementioned NOESY spectra,
according to published procedure®.(OMTKY3 variants containing a total of 2 614 NOE cross-peaks for @etate
produced at Wisconsin, which consisted of residue$6, and 2 505 NOE cross-peaks for thestate, were generated
were produced as described elsewhd@ 11). by manual peak picking with the program Sparky. NOE
NMR Sample PreparatiorSamples used for NMR pH intensities were converted into upper distance bounds with
titration studies were prepared by dissolving protein previ- the CALIBA function of DYANA. Additional NOE con-
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straints were added in each preliminary round of calculations,
and restraints that were consistently violated were rechecked
by examining the spectra and removed if assignments proved
to be incorrect. Constraints representing nine hydrogen bonds
deduced fron3Jyc HNCO data were included in the input
data for both theC and T states (see Table S1 of the
Supporting Information). Additional hydrogen bonds (4 for A
the C state and 3 for th@ state) were deduced from the  §,45] P
titration shifts of amide protond.{); constraints representing ; G25 o Nags
these were included in the input data for the respective ¥ .. TR “iliss*
structure determinations. Constraints representing ranges of 454 e s
¢ andy dihedral angles (54 for th€ state and 48 for thé i “‘;%, ' N
state), generated frofl®, 13C%, 13CF, 13C', and'®N secondary K1 e = °°
shifts by the program TALOS1@), were included in later 1251 L es =8
rounds of refinement. TALOS constraints were used only Cas
when nine out of 10 predicted values were clustered. In o=
addition, six upper-bound and six lower-bound distance  13g{ == - =R21*
constraints were introduced to represent the three disulfide R21e-%
bridges: (Ri-Cys$—P,-Cys®, Ps-Cysté—P,/-Cys®, and R'- =5
Cys*—P3y-Cys®). For reasons discussed below, the P 1H (ppm)
Tyrll_PTPrOlz peptide bond was set to cis In tlﬁbstate_ Ficure 2: [*H—15N]-two-spin-order-exchange difference spectra
and trans in th@ state. For structural analysis and evaluation, of ps-Prg4Asp OMTKY3 at pH 2.5. The direct peaks (blue) for
20 conformers with the lowest target function values were theC andT states are connected to one another by exchange cross-
selected from the final 50 structures calculated. The meanpeaks (red). Resonances from tieform are identified by an
structure, calculated with MOLMOL softwar&g) from the ?SIe”.Sk; those from the& form have no designator. An “s”
P - ollowing N33 or N39 indicates that the marked peaks are from
ensemble of 20 best structures, was minimized in DYANA 4 o side chairtHeatom:s.
using 300 steps of variable target function minimization.
Kinetics and Thermodynamics of the Intereersion. peaks. The activation enthalpidsf* and activation entropies
[*H—15N]-two-spin-order exchange experimenfwere  AS were determined from eq 3:
carried out with samples at pH 2.5 at five temperatures (25,
30, 35, 40, and 45°C) to determine the temperature
dependence of the equilibrium. A procedure proposed by T T
Otting et al. 0) was used to measure the exchange rate RESULTS
constants. 'H—'°N]-two-spin-order exchange spectra were
recorded at different temperatures under a range of mixing From analysis of H—'H]-TOCSY spectra of several
times: at 25°C with 7« = 80, 100, 120, 140, and 160 ms; OMTKY3 variants, B-PraAsp OMTKY3 was chosen for
at 30°C with tmix = 30, 40, 50, 60, 70, and 90 ms; at 35 structural studies because t@8eand T states of the protein
with 7mix = 40, 60, 80, and 90 ms; at 4C with 7,x = 20, were found to be stable and equally populated at pH 2.5.
30, 40, 60, and 80 ms; and at 46 with 7mix =30 and 50 Resonance Assignments fogPro4Asp OMTKY3[H—
ms. The exchange rate constants were determined from theé5N]-two-spin-order-exchange experiments were used to
initial buildup rates of the exchange cross-peaks in the cross-assigiH and 5N resonances from individual atoms
difference spectrail/Atmi, and the intensities of the direct in two states of the protein. Blue contours (Figure 2) are
correlation peaks at zero mixing timk, At zero mixing direct cross-peaks observed in a norniadf°N]-HSQC
time: spectrum. Red contours are exchange cross-peaks, which
have negative intensities relative to the direct cross-peaks;
k= Al/(1,AT) 1) they connect pairs of direct cross-peaks (one from each of
the two states) into a characteristic rectangular pattern.
Instead of recording a separate experiment with zero Exchange peaks were observed for a number of backbone
mixing time, lo was obtained by extrapolation from the data amides plus the side chain amides @f Asn®, Pg-Asre®,
recorded at short mixing times. Activation free energis and By -Asn®. (The'H%243 signals of Rs-Asn® are outside
were determined from measurement of the exchange ratethe spectral region shown in Figure 2.) Direct cross-peaks
constank at various temperaturds according to the Eyring  from residues unaffected by the conformational change, e.g.,
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relation: P/-Gly?5 and R'-SefS, are greatly suppressed in the differ-
. ence spectrum. Suppression of direct cross-peaks in the
AG” _ —R(In K+ In L) ) difference spectrum helped to resolve exchange peaks with

T kkgT small chemical shift differences, for example, those from

P.g-Gly*® (Figure 2). The results of this experiment clearly
where kg denotes the Boltzmann constafit,the Planck demonstrate that the peak doubling arises from a dynamic
constant, andc the transmission coefficient, which was conformational equilibrium, rather than from a covalent
assumed to be unity over the entire temperature rangechange such as deamidation. The assighdd'PN]-HSQC
investigated AG¥/T for the whole molecule was measured spectrum of BPro““Asp OMTKY3 at pH 2.5 is provided in
by averaging values determined from a number of individual the Supporting Information (Figure S1).
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Ficure 3: Chemical shift differences between t8g(cis R-Tyrl—P;-Pro? peptide bond) and (trans B-Tyr''—P;-Pra'? peptide bond)
conformers of RPro““Asp OMTKY3 derived from the JH—1N]-HSQC spectrum at pH 2.5: (a) differences chemical shifts, (b)
differences in'>N chemical shifts, (c) weighted average chemical shift differencesHaand >N mapped onto the solution structure of
OMTKY3 (32), with residues having\,,(NH) of less than 0.1 ppm in grayAa,(NH) between 0.1 and 0.3 ppm in yellowa,¢(NH)
between 0.3 and 0.5 ppm in orange, aag(NH) > 0.5 ppm in red. See the text for the definitionf,(NH). The N and C termini are
indicated.

Assignments of the backbofN, 1H%, 13C*, 13C, and'N o
resonances for the two states were completed by analyzing 631 »
HNCA, HNCOCA, HNCO, H(CCO)NH, andH, *N]- 62
HSQC data from double-labeled samples at pH 2.5. HNCACB, AG"
CCONH, 5N TOCSY-HSQC, and HCCH-COSY data were R
used in assigning side chatil and *C resonances. Side  (aimor'k?) 601
chain 13C” signals from Asn residues were assigned by 591
reference to HNCO data collected with the dephasing and
rephrasing times optimized for coherence transfer between %8 o
the protons and nitrogen of each side-chain amide. The 57 U
aromatic side chaidH resonances were assigned from the 56 , , , , ,
2D NOESY spectrum of a sample in,O, on the basis of 310 345 320 325 330  3.35109T(K")

observed NOE cross-peaks between the aromatic protons angcure 4: Plots of AG*T, the free energy of activation divided
the aliphatic protons in the same residue. Resonances weréy the absolute temperature, vd 1the reciprocal of the absolute
assigned to specific states on the basis of observed scalatemperature, for theQ— T) Conver|5i0n (rl]ﬂaC!( Symb0|S)H and the
connectivities and NOE connectivities. AH, **N]-HSQC g P5-Fﬁ’)()lixg\éeé)sl\;lo'PK(YC)gwts)éﬁngz-?’brﬂ—e&gﬂg?}:stize(abs(;:gfje
spectrum of a sample at pH 4.0 was collected to confirm angT indicates the state with trang-Pyr'i—P;-Pro peptide bond.
the identities of specific resonances in Detate, which is  The lines represent least-squares fits each set of data points.
more highly populated at this pH. Assignments for tbe
state were consistent, for the most part, with those reported
earlier for OMTKY3 under different conditions of pH and
temperature1—23). The assigned chemical shifts have been

deposited at BMRB and are also available from the Sup- : :
) ! temperature dependence of the interconversion rates. The

porting Information (Tables S2 and S3). measured exchange rate constants varied from 0.2&ts

Evidence that the C and T States Differ by Prolyl Peptide 25°C tg 2.1 s at 45°C. Figure 4 shows the plot G*/T
Bond IsomerizationMultiple lines of evidence led to the  versus 1T. From these data one obtaif\si* = 27.9 ( 3.8)
conclusion that the two states differ by the configuration of kcal mol! and AS = 30.9 & 12.4) cal mot? K1 for
the R-Tyr*'—P-Pro peptide bond. The fact that the residues  forward (C—T) reaction and\H* = 21.7 ¢ 4.0) kcal mot™
with the largest chemical shift deviations are adjacentto P andAS* = 10.8 & 12.7) for reverse (FC) reaction, where
Pro' (Figure 3) provided the first suggestion that this residue the errors (in parentheses) were determined from least-
might be involved. This hypothesis was strengthened by squares fitting. The activation enthalpyd* determined for
results of NMR investigations of the double mutant@ly*2, the reaction is comparable to others reported for prolyl
Ps-Aspt¥) OMTKY3, in which the proline presumed to peptide bond isomerizations in model peptides and other
undergo cis/trans isomerization had been mutated to glycine.proteins 24, 25).
Residues of wild-type OMTKY3 (or of singlesFrariants) For a cis prolyl peptide bond, the distance between the
that gave rise to doubled peaks showed single peakblin | H® of the preceding residue and the* idf the proline is
IH]-TOCSY of (P-Gly*? Ps-Asp'Y) OMTKY3 at pH 2.3 (see  shorter than the distance between thedfl the preceding
Figure S2 of the Supporting Information). residue and the Hof the proline; for a trans peptide bond,

Prolyl peptide bond isomerizations are characterized by
large positive activation enthalpies. The activation enthalpies
for the C— T and T — C transitions of BRPro“Asp
OMTKY3 were determined from measurements of the
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Ficure 5: Summary of the numbers of structural constraints determined foCtles R-Tyr''—P,-Pro'? peptide bond) and (trans
Pg-Tyrl1—P,-Prg'2 peptide bond) states offPro“Asp OMTKY3 and the rmsd values of the family of conformers representing the structures.
Number of NOE upper distance limits per residue plotted as a function of residue number for @sthi and (b) thd state. The

numbers of intraresidue, sequential, medium, and long-range constraints are distinguished, respectively, as white, light gray, dark gray, and
black bars. Average backbone (solid line) and heavy atom (dashed line) rmsd values are given for (c) the fantihysteEt@@onformers

and (d) the family of 20T-state conformers.

these relative distances are reversgg).(Thus species with  P3g-Leu*®—Psg'-Cys*® than in other regions. No medium- or
cis or trans prolyl peptide bonds can be distinguished on thelong-range NOEs were observed for the first three N-terminal
basis of NOEs that report on these relative distanéet:- [ residues. Many more constraints were found feiflprit in
1H]-NOESY data for B-Pro“Asp OMTKY3 at pH 2.8 show  the C state (80) than in th& state (33).

an NOE between FPra*H* and R-Tyr'! *H* (both from The 20 conformers representing tBestate are shown in
the C state), which identifies the peptide bond as cis, and Figure 6a, and those representing thstate are shown in
NOEs between PPro? 'H* and B-Pro4 *H%2 and'H? (all Figure 6b. Structure statistics are summarized in Table 1.
from theT state), which identify the peptide bond as trans None of the 20 structures had NOE violations greater than
(see Figure S3 of the Supporting Information). 0.30 A or any violations of van der Waals contacts.

Finally, cis and trans prolyl peptide bonds also can be  Superposition of residues6 for the final ensemble of
distinguished on the basis of chemical shift comparisons. A 20 torsion angle dynamics conformers yielded root-mean-
prolyl 6*3C” generally is 1.5-2.0 ppm to higher frequency  square deviations from the mean backbone structures of 0.58
in the cis configuration than in the trar7( 28). Moreover, A (for the family of C conformers) and 0.75 A (for the family
pairwise graphical comparisons ®fC’ ando**C” chemical  of T conformers). The average backbone and heavy atom
shifts provide an additional statistic for distinguishing cis rmsd values relative to the mean structures of each conformer
and trans XaaPro peptide bond configuration29). In the are shown as a function of residue number in Figure 5c,d.
present case, the;#Pra*2 chemical shifts fof*C in the C The atomic rms deviations for the N-terminal residues are
(24.4 ppm) andr states (27.3 ppm) are consistent with the relatively high in both conformers. Rmsd values for residues
Pe-Tyr''—P;-Pro? peptide bond being cis i€ and trans in in the segment £GIul’—P,-Leut8 were higher in thd state
T. than in theC by 0.26-0.58 A but were nearly equivalent

Structure CalculationsPrior to calculation of the final  elsewhere. Th€ state more closely resembles structures of
structures, the configuration of the-Pyrt'—P,-Pro'? peptide wild-type OMTKY3 determined at higher pH value30~
bond was constrained to be cis in the conformers representing33).
the C state and trans in those representingrhe inverse Dependence of the Peptide Bond Configuration on
configuration was tried with each set of input data (trans for pH. ['H—!H]-TOCSY spectra were collected from so-
C and cis forT), but these led to large numbers of constraint |utions of R-Pra“Gly OMTKY3(6—56), R-Prd“Ala

violations. OMTKY3(6—56), R-Pro““Asp OMTKY3(6—56), and wild-
Starting with the NOE cross-peak lists, hydrogen bond type OMTKY3(1-56) at pH values ranging from neutral to
constraints and disulfide bonds constraints feiPiro'“Asp acidic. Similar reversible pH-dependent conformational

OMTKY3 described in Materials and Methods, the DYANA transitions were observed for all three variants. However,
software package yielded 1,143 unique distance constraintgshe number of residues with chemical shifts perturbed
for the C state and 1,063 for th@. Thus the average by the conformational transition was found to depend on
constraints per residue were 20.4 f©and 19.0 forT. The the nature of the side chain ofs-R%4 In Ps-Pro*Ala
distributions of distance constraints fGrandT, plotted as OMTKY3(6—56), very few residues exhibited doubled
a function of residue number, are shown in Figure 5a,b. For peaks. However, in #Pro“Gly OMTKY3(6—56) and k-
both conformers, more constraints were distributed in the Pra““Asp OMTKY3(6—56), more than two-thirds of the
segments P-Pro??>—P;g-Asr?®, Py -Thrr%—P,/-Val*’, and residues were perturbed by the conformational transition.
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FiGurRE 6: Representation of the structures of the two forms sPRM"“Asp OMTKY3 present in solution at pH 2.5: (a) tiiestate with
cis R-Tyr'—P,-Pro? peptide bond and (b) th& state with trans £Tyrl—P,-Pro2 peptide bond. Each structure is represented by a

superposition of the 20 conformers with lowest target functions from 50 calculated in the last round of refinement. Disulfide bridges are

shown in yellow,S-strands in green, and-helices in red.

Table 1: Statistics for the Three-Dimensional Structures ofGhe
andT States of RPro“Asp OMTKY3

C state (cis
Pe-Tyr'—P:-Pro-

T state (trans
Pg-Tyr'—P,-Pro'

parameters peptide bond) peptide bond)
NOE Constraints

long 474 431

medium 236 218

short 272 252

intraresidue 163 163

Ramachandran Statistics

most favored 73.3 70.7

additional allowed 23.5 24.1

generously allowed 2.6 4.0

disallowed 0.5 1.2

target function

family 0.38+ 0.07 0.20+ 0.05

minimized average 0.19 0.31

upper limit violations

number> 0.1 A 6+2 3+2

sum of violations (A) 2.1 0.4 1.7+0.3

maximum violation (A) 0.19+ 0.02 0.15+ 0.04

Van der Waals violations

number> 0.1 A 0+0 0+0

sum of violations (A) 1.5+ 0.2 1.0+ 0.2

maximum violation (A) 0.16+ 0.04 0.10+ 0.03
Rmsd (6-56) to the Mean Coordinates, A

backbone 0.580.12 0.75+ 0.18

heavy atom 1.15-0.16 1.39+ 0.20

The intensities of pairs of NMR peaks in th&HF'H]-

For comparison purposesH—'H]-TOCSY spectra were
collected from two additional variants (data not showng: P
Pro“Glu OMTKY3(6—56) and B-Pro*His OMTKY3(6—
56). The relative occupancies Ditates in these two variants
were both higher than that in wild-type OMTKY 3 {%&6),
but not as high as that insfPro"“Gly OMTKY3(6—56) or
Ps-Pro““Asp OMTKY3(6—56).

Mutants at R-Leut® or Ps-Lys'3. The relative population
of T state was found to be elevated wheplRu*® was
replaced by GBI (but not Ald®) (see Figure S4 of the
Supporting Information) or whengRys®® is replaced by
Asp®® or GIut3, The HN of Ps-Glu®® in the C state of B-
Lys!3Glu OMTKY3 showed biphasic pH dependence (Figure
8a), as did the relative population of thestate with similar
pHmig Values (Figure 8b). By contrast, tAeN of Ps-Asp!®
in the C state of B-Lys**Asp OMTKY3 showed monophasic
pH dependence (Figure 8c), as did the relative population
of the T state with a similar pkfq value (Figure 8d). These
results suggest that the state of ther&sidue is somehow
coupled to theC/T transition.

Effect of the Conformational Transition on pKalues.
The inherent high sensitivity of théH—°N]-HSQC experi-
ment enabled us to follow peaks over the whole pH titration
range and to determine th&pvalues for all six carboxyl
groups in B-Pro**Asp OMTKY3(6—56) in both theC and
T conformational states. The pH titration results are presented
in Table 2.

15N Transerse Relaxation Measuremenishe backbone

TOCSY data from a given variant at different pH values s\ g, yelaxation rates for residues in tiandT states of

were integrated to obtain the relative occupancies of each
conformer. Figure 7 shows the pH dependence of the rel-

ative populations of thel states of four P variants of
OMTKY3(6—56): Pro (wild-type), Ala, Asp, and Gly. All

four variants showed similar peak doublings for residues P

Ala®®, Ps-Cys* (except for wild-type which showed no
doubling), B7-Ala*®, and B3-Val*, even though some of
these residues (e.g.,-Rla'® and Bz-Val*) are spatially
distant from one anothe38). The four variants showed
different mole fractions of thd state at the high and low
pH extremes studied>~0.2 to~0.6 for R-Pro“Asp, ~0.2
to ~0.7 for R-Pro“Gly, ~0.05 to~0.3 for R-Prot“Ala, and
~0 to ~0.2 for wild type. All three showed transition

Ps-Pro“Asp OMTKY3 determined at 750.13 MHZ'H
frequency) at pH 2.5 and 28 are shown in Figure 9. As
discussed above, the exchange rate between the two con-
formers under these conditions is 0.2%,swhich is much
slower than theR; rates expected for a protein of this size
(34). Thus, chemical exchange effects were expected to result
in only minor errors in the experiment&, values for the

two states.

DISCUSSION

Protein folds and stabilities, and hence functions, can be
greatly altered by cis/trans isomerizations of prolyl peptide

midpoints near pH 3. The nonsigmoidal nature of the bonds or by changes in the conformations of disulfide bridges

transition made it difficult to determine accurateptvalues.

(25, 35—39). Efforts have been made to explore how internal
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Ficure 7: The pH dependences of the mole fraction of the low-pH conformer in OMTKY3 variang®rd® OMTKY3 (wild type),
Ps-Prat“Ala OMTKY, Ps-Pra“Asp OMTKY 3, and B-Prot“Gly OMTKY3. Populations were determined from the relative volumesgtéf{
1H]-TOCSY peaks corresponding to each statg(lt + Ic), wherelr andl¢ refer to the intensities of peaks in tfestate andC state,

respectively.
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Ficure 8: Effects of pH on RLys™Asp/Glu OMTKY3: (a) Titration curves fotHN signals from B-Glu®® and B-Ala'® in the C state of
Ps-Lys3Glu OMTKY3. (b) Relative populations of thE state as a function of pH forgR.ys3Glu OMTKY3. (c) Titration curves fofHN

signals from B-Asp'® in the C and T states of RLys!3Asp OMTKY3. (d) Relative populations of th€ state as a function of pH for
Ps-Lys'®Asp OMTKY3. Curves in panels a and c represent best fits to theoretical titration equations. Error estimates in panels b and d were

derived from the noise of the spectra.

dynamics, hydrophobic, and electrostatic effects in proteins (14, 20, 46), as well as for determining the structural and
influence the relative populations of isoforn0( 26, 40— dynamic features of each conforme9( 47).

45). In this regard, advanced NMR techniques provide an Comparison of the Structures of the C and T States with
effective approach for identifying conformational equilibria that of Wild-Type OMTKY.3Several NMR and X-ray
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Table 2: Titration Parametérs

P12-ASp7 Pg-GlUlo P5-AS[)14 P1'*G|U19 Pg'*ASp27 |325'*G|l.l43 Cy356 (Bg’)

C T C T C T C T C T C T C T

pKa 2.83 3.34 4.27 4.05 3.76 3.66 3.40 3.71 2.22 2.22 4.90 4.58 2.27 2.27
(£0.11) (£0.07) (£0.05) (£0.08) (£0.03) (+£0.06) (& 0.06) (£0.07) (£0.04) (+£0.04) (+0.08) (£0.10) (£0.05) (£0.07)

Hill 0.69 0.75 0.88 0.57 1.04 0.91 1.16 1.07 0.92 0.92 0.77 0.63 0.86 0.81

coefficient (+£0.08) (4+0.09) (+0.08) (£0.07) (+0.07) (0.11) (+0.17) (£0.18) (40.05) (+0.05) (£ 0.08) (+)0.08 (£0.04) (+0.05)
2 Derived from the pH dependence BN NMR signals from six residues ofsf#Pra“Asp OMTKY3 in theC and T states.

24
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FicUrRe 9: Comparison offSN R, relaxation rates plotted as a function of the amino acid sequence for the two state®mk*Rsp
OMTKY3 at pH 2.5. The error bars represent standard deviations returned upon nonlinear analysis of the relaxation data.

Ficure 10: Comparisons of the structures of BeandT forms of R-Pro“Asp OMTKY3 at pH 2.5. (a)C state structure (in blue) ant
state structure (in red) compared with the structure of wild-type OMTKY3 (in green) determined at pBR}.(bJ Superposition of the
mean structures of thE state (in red) and th€ state (in blue). The disulfide bridges in tlestate are shown in cyan; those in fhstate
are shown in yellow. (c) Detailed view of main chain conformations and side chain packing of residues-Poa¥?®o P,-Ala’® in the C
(left, in blue) andT states (right, in red). (d) Comparison of the region of tgela11—P,-Prot? peptide bond in th€ state (left, in blue)
andT state (right, in red). £Tyrl—P;-Pro? peptide bond is shown in cyan in tiestate and yellow ifT state. Residues making contacts
with the R-Tyr1 ring in each state are shown in the same color as the backbone ribbon.

structures are available for wild-type OMTKY 333, 48). region exhibiting the largest differences is the reactive-site
Comparison is made here (Figure 10a) between the mearoop of theT state. The backbone rmsd values between the
structures of theC and T states of RPro““Asp OMTKY3 reactive-site loop of wild-type OMTKY3 (R-Valt—Py'-

and that of wild-type OMTKY3 determined by NMR at pH  Arg?!) and the corresponding loops of thiestate andC state

4.1 (33). The three-strandef-sheet is the most conserved are 2.7 and 1.1 A, respectively. The backbone of the reactive
core element in the three structures, with no greater thansite loop of T diverges significantly from the highly
0.6 A backbone rmsd between OMTKY3 afidor T. The conserved backbone of OMTKY3 and other members of the
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Table 3: Angles Specifying the Conformation of the Backbone of the Reactive Site Region
Ps Ps Ps P; P, P Py = Ps
¢’w ¢’w ¢lw ¢lw ¢’w ¢’l/} ¢”(/) ¢’w ¢’w
wild-type OMTKY3 C state —118, 144 —89,14 —165,121 -101,134 -55,—-163 -—117,—12 -—46,153 —97,93 —122,84
Ps-AspOMTKY3 C state —97,147 —86,19 —153,169 —144,173 —101,156 —-92,—23 —60,151 —106,117 —141,99

Ps-Asp*OMTKY3, T state —64,—18 —85,—11 -—116,85

176, 83

—96,—149 -65,—-11 —67,111 -109, 121 —138, 109

family of canonical proteinase inhibitors,(31, 49—53).
Although similar in the P—P5' region, large local confor-
mational differences are observed in—; region. In
particular, the backbone torsion angles g{IBys13) and B
(Aspl4) inT are more characteristic of agghelix, whereas
they are more extended in wild-type OMTKY 3. In addition,
the a-helix in T deviates from its alignment i€ and wild-
type OMTKY3, owing to reasons discussed below.

The local structure of th€ state of B-Asp OTMKY3 at
pH 2.5 is similar to that of wild-type OMTKY3 at pH 4.0
(32) (Table 3), with the exception of a small deviation in
the region B—P,, which presumably results either from the
pH difference or the Presidue substitution. This structural
comparison is further supported by the chemical shift
comparison of wild-type OMTKY3 with the two states of
Ps-Asp OMTKY3 (see Figure S5 of the Supporting Informa-
tion).

Structural Differences between the C and T Staldse

well as in the N- and C-terminal residues of thehelix.
Our structural analysis suggests that the aromatic ring-of P
Tyr* plays a vital role in stabilizing the cis conformation of
the peptide bond. In th€ state, the aromatic ring ofgP
Tyr'tis attached to the middle of the-helix, with its plane
parallel to the axis of the helix (Figure 10c). The hydrophobic
ring of Ps-Tyr'* makes many contacts with the side chains
of surrounding residues {PCy<’, Ps-Lys'?, P17/-Cys®, Py -
Cys®, P,y-Asn®®, and B/-Val*?). The relative spatial ar-
rangement between the reactive-site loop and the helix is
stabilized further by packing between the ring gffR0?
and the side chain of -Val*2

Differences in Hydrogen Bondintn the C states of wild-
type OMTKY3 (5) and R-Asp OMTKY3, HY of P,-Thr!’
exhibits a negative titration shift (to lower frequency with
increasing pH), which has been attributed to the hydrogen
bond between the side chains gf Fhr'” and R'-GIu'® (5).
In theT state, however, theof P-Thr” exhibits a positive

minimized mean structures for the two states are comparedtitration shift. This result is indicative of a difference in

in Figure 10b. TheC and T states share similar structural
elements, such as the three-stranded antipafabéleet and
the -turn connecting strangs andg,. Although the overall
backbone rms deviation between the mean structuré® of
andT is 3.03 A, the backbone rms deviation of {hesheet
in the two is only~0.26 A. Thea-helix is also preserved in

hydrogen bonding between-Fhr'” and R'-Glu*® in C and

T. Coupling between the change in peptide bond configu-
ration at B-Tyr''—P;-Pra? and the change in hydrogen
bonding at RThr'” and R'-Glu®® probably is mediated by
changes in the contacts amongThrl’, Pig-Asn®3, and Rg -
Lys®, which are present i€ but disrupted inl. Structural

the two states (backbone rmsd 0.34 A) with the largest comparison of the two states also reveals that a hydrogen

difference being in the orientation of the two ends of the
helix. Most of the hydrogen bonds stabilizing tiesheet

bond between the amide group ofRa'® and the backbone
oxygen of B-Prot? exists inT but not inC.

and thea-helix are also present in both states (see Table S1 Differences in the Conformations of Two Disulfide Bridges.

of the Supporting Information). The side chain qflReu'®
has a similar orientation in thé andT states, highly exposed
to the solvent in both.

The side chains of PPra?2 and RB-Ala'® are farther apart
in Cthan inT (Figure 10c). In theC state, the side chain of
P.4-Val*? and the P-Pro? ring make many hydrophobic
contacts. As a result in th€ state, the RPPro>—P,-Alat®
backbone is rather extended. In fhetate, as a consequence
of disruption of the hydrophobic interactions between P
Pro? and B4-Val*?, the side chain of PPro'? projects away

Of the three disulfides th®C* and3C’ resonances of two
(P11-Cys$—P,-Cys’® and B-Cysté—P;/-Cys*) showed large
chemical shift perturbations>(0.5 ppm). The side chain
resonances of the third disulfide bridges(Rys*—Psg'-
Cys) exhibited no chemical shift perturbations. Disulfide
bridge R'-Cys4—P3g-Cys® is well defined, with a right-
handed conformation in both th@ and T states. Although
the conformations of the other two disulfide bridges are less
clearly defined, comparison of the structures @and T
(Figure 6) shows that these two disulfides adopt very

from the helix and becomes closely packed with the side different conformations in the two forms. The*€C*

chain of B-Ala'® (Figure 10c). Concurrently, the side chain
of Ps-Lys!3, which contacts the side chain ofiPAsn*®in C
state, moves closer to the side chains ¢fBp'* and other
residues within the reactive-site loop.

Relocation of the Tyr-11 Ring.he aromatic ring of i
Tyrt moves from the center of the-helix in C to the
N-terminus of the helix inl. This relocation of the phenyl
ring disrupts the hydrophobic cluster of ti state and

distances for each of these is longerd¢ A in T than in
C. Since these two disulfides covalently bond the reactive-
site loop to thea-helix, the changes in their geometries
probably arise from strains imposed by the structural
rearrangement of this region of the protein.

Factors Contributing to Differential Stabilization of the
C and T Stateslt has been recognized that an aromatic
residue preceding a proline can have a large effect on the

loosens the contacts between the reactive-site loop and theelative stabilities of the cis and trans peptide bond configu-

o-helix. As shown in Figure 10d, the relocateg B! ring

in T contacts several other residues, includingAsp’, Ps-
Ala®® and Rg¢-Lys®*4 In addition, relocation of thegPTyr!!
ring results in large structural perturbations of residues in
the loop containing the PTyr''—P;-Pro? peptide bond as

rations @2, 54, 55). Surveys of the Protein Data Bank by
MacArthur et al. §6) indicated that a cis peptide bond is
more prevalent in XxxPro peptide bonds when Xxx is an
aromatic residue. From NMR investigations of cis/trans
isomerization of the model peptide acetyl-Gly-Xxx-Pro-Gly
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carboxamide, where Xxx= Tyr, Phe, Trp, etc., Wu and

Biochemistry, Vol. 42, No. 21, 20035389

chemical shift differences, whereas those with minint&l p

Raleigh suggested that interactions between the aromatic ringdifference lie in regions with minor shift differences (Figure

and the prolyl ring stabilize the cis state of the Xx®ro
peptide bond¥7). The present results show how the packing
of the aromatic ring of RTyr'* with residues in thec-helix
play a vital role in stabilizing the cis conformation of the
Pg-Tyr*'—P;-Pra'? peptide bond.

3). The data of Table 2 yield 21.62 as the sum of the six
pKa values for theT form and 20.98 as the sum of the six
pKa values for theC form. Thus, the aggregateé — T pKa,
difference of 0.64 is in excellent agreement with the value
of 0.63 predicted from the pH dependence of the cis/trans

How can the structural results rationalize the experimental equilibrium.

order of stabilization of the trans state in-Pro““Xxx
OMTKY3 mutants: Xxx= Gly > Asp > Glu > Ala > His
> Pro? Analysis suggests that the presence ‘oa@ C

To test this model, another double mutant{Rla’, Ps-
AsptY) OMTKY3, was constructed, andH—!H]-TOCSY
data for this mutant were collected at pH 6.0 and 2.2

substituents on residue 14 interfere with the packing between(Supporting Information, Figure S6). The spectra were

the side chains of PPra? and RB-Ala®® in the T state (Figure
10c). This may explain why replacement gfPro*4 by Gly
greatly elevates the population of thiestate and why th€
state predominates in wild-type OMTKY3,sPro“Ala
OMTKY3, and R-Prot*His OMTKY3. This kind of steric
argument, however, fails to explain why tihetate is favored

assigned by reference to spectra gf#3p!* OMTKY3. The

pKa of Pi-Asp’ was determined to be 0.5 pH unit higher in
the T state than irC state (Table 2). The expectation was
that, in the absence of other effects of the mutation, removal
of a titrating group with a positiveC — T pK, difference
should stabilize the trans configuration of the T/ri'—pP,-

when residue 14 is Asp or Glu. Thus a second mechanismPrd*? peptide bond. Indeed, the double mutant exhibited the
must be invoked. A plausible mechanism is stabilization of expected increased stabilization ®f The fractional oc-

T by electrostatic interaction between the side chaingf P
Lys® and the acidic side chain at residugAsp/GIut*,

cupancy ofT in this mutant was 050.6 at pH 6.0 (vs 0.22
for the single mutant) and-0.7 at pH 2.2 (vs 0.5 for the

A precedent for such a dual mechanism comes from work single mutant).

of Hodel et al. 68) on the configuration of the Ly&*>Prot?

In wild-type OMTKY 3, the low K, of P1>-Asp7 has been

peptide bond of staphylococcal nuclease (SNase). In wild attributed to a hydrogen bond between the side chains of
type SNase, the cis form is much more highly populated than Pi-Asp’ and Ro—Sef (5, 59, 60. This hydrogen bond is

the trans form26, 58). Replacement of Ly46 by Gly, Asp,
or Asn stabilizes the trans form relative to the cis form,

weakened in thd state compared th€ as shown by the
pH titration shift of the B,—Sef HN (0.5 ppm inC, 0.3 ppm

whereas replacement by Ala, Met, or GIn has no effect on in T). A second factor contributing to the elevateldamf
the equilibrium. These results were explained in terms of Asp7 inT compared t&C may be the increased hydrophobic

two distinct mechanisms: reduction of the steric barrier (in

environment of the B-Asp’ side chain inT (9, 61—-65).

the case of Gly) and side-chain tertiary interactions (in the Structural comparison (Figure 10d) reveals relatively close

case of the Asp mutant).

Dependence of the € T Equilibrium on pH.Between
pH 5.0 and 1.34/(l1 +1¢c) changes from 0.22 to 0.55 (Figure
7); thus,K = [T]/[C] changes from 0.28 to 1.2 over this pH
range. This result suggests that thestate has a higher

contacts between the side chains @fRsp’ and RB-Tyr!!
in T state but not irC.

Results from pH titration studies of various OMTKY3
mutants indicate that the hydrogen bond between the side
chains of RP-Glu'® and B-Thr!” lowers the [, of P/'-Glu'®

affinity for one or more protons than the C state. This effect by 0.4-0.5 pH unit (1). Our structural and pH titration
can be modeled by a coupled equilibrium of the form shown results suggest that the highekjvalue observed for £
in eq 4, where the acidic site(s) affected is represented inGIu'® in T probably arises from the effect of breaking or

the C state asCA~ and in theT state asTA™.

Kso

CA TA”

@)

K5
CAH —————— TAH

Because of the equilibrium conditionKg + pKso= pK.r
+ pKis In addition, from the change in the cis/trans
equilibrium noted above,Kx o — pKi3 = 0.63. Thus, over
this pH range ApKa = pKa 1 — pKac = 0.63.

The side chains of PAsp’ and R'-Glu*® showed higher
pKa values in thel than theC form (Table 2). The side chain
of Ps-Asp** and the C-terminal carboxyl By-Cys*® had
similar pK, values in the two states. And the side chains of
Po-Glut® and Ry -Glu*® exhibited lower K, values in thel
state than th& state. Not surprisingly, residues exhibiting
large (K, differences inC andT lie in regions with major

weakening this hydrogen bond.

Comparison of the Two Low-pH Conformational Transi-
tions In 1967, Donovan reported a structural transition at
low pH in whole chicken ovomucoid. A blue shift of the
absorption spectrum was found to be accompanied by a
300% increase in fluorescence when chicken ovomucoid
solutions were made acidi6); These changes are reversible
and have the pH dependence of a single acidic groufKef p
= 2.8. In later studies, Marct66) assigned B-Tyr3! as
the residue in all three domains responsible for the change
in the optical spectrum, and CrobT) observed a transition
with a pHyiq of about 2.5 that perturbed the chemical shifts
of 3C NMR signals of chicken ovomucoid third domain
assigned toC’ and 3Ct of P.g-Tyr3L. Both authors
explained the spectral results in terms of protonation of the
side chain of B-Asp?” at low pH, which disrupts the
hydrogen bond between the aromatic ring ef Fyr! and
the side chain of -Asp?’. The present studies show that
the actual g, of Po'-Asp?’ is about 2.7 in both conforma-
tional states, a value that is close to thepHor both the
Donovan transition and for the == T transition. Although
the two transitions occur with similar ptd values, it appears
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that they are independent. The-Pyrt*—P;-Pro‘? cis/trans SUPPORTING INFORMATION AVAILABLE
isomerization is slow on the NMR time scale and is
characterized by a low Hill coefficient, whereas the residues
affected by the Donovan transition show single peaks and a
Hill coefficient close to Unity 67) REFERENCES
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