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ABSTRACT. From the larger set of 191 variants at all the variable contact positions in the turkey ovomucoid
third domain, we selected a subset that consists of Asp, Glu, His, and Lys residues at eight of the nine
contiguous B—Ps positions (residues 121), the exception beingsfys'® which is involved in a
conserved disulfide bridge. Two-dimension&#['H]-TOCSY data were collected for each variant as a
function of sample pH. This allowed for the evaluation of 31 of the B2 \ymlues for these residues, the
exception being that ofdFLys'4, whose signals at high pH could not be resolved from those of other Lys
residues in the molecule. Only two of the titrating residues are present in the wild-type preteiys{P

and R-GIu'®); hence, these measurements complement earlier measurements by A. D. Robertson and
co-workers. This data set was supplemented with results from the pH dependence of NMR spectra of
four additional single mutants;f.eu®Gly, Pi-Leut®Ala, P-ThrtVal, and B-Arg?'Ala, and two double
mutants, R-Thri*Val/Py-ArgZAla and R-TyrllPhe/R-Lys'3Asp. Probably the most striking result was
observation of a PThrl7---P;-Glu'® hydrogen bond and a;PGIul®—P;z-Arg?! electrostatic interaction

within the triad of B, Py, and R (residues 17, 19, and 21, respectively). In several casesKhefa
particular residue was sensed by resonances not only in that residue but also in residue(s) with which it
interacts. Remarkably, in several interacting systems, resonances from different protons within the same
residue yielded different pkk values.

Proton dissociation constants of individual groups in of the chemical shifts of the amide protons. When the pH is
proteins provide sensitive indicators of intramolecular in- changed from acidic to neutral across th€, pf a given
teractions 2—5). Residues in disordered regions or in ordered acidic group, the resonance from the hydrogen-bonded amide
regions with highly exposed side chains are expected to haveproton shifts to a higher frequency (downfield). In contrast,
“normal” pK, values 6). Abnormal [K, values can indicate  shifts in the opposite direction result from effects transmitted
the presence of hydrogen bond interactions, electrostaticthrough covalent bonds; for example, deprotonation of a
interactions, or solvent inaccessibility)( C-terminal carboxylate or an Asp or Glu side chain results

NMR is the most general method for determiningap  in a shift to a lower frequency (upfield) of the backbone
values for individual ionizable groups in small proteins, amide proton of that residues), Studies of polypeptides
because signals assigned to individual atoms in nearly allshow that these intrinsic titration shifts in a linear peptide
residues usually can be monitored as a function of pH. chain typically are smaller than0.1 ppm for amide protons
Changes in chemical shifts with pH report both on specific in nonterminal Asp residues and¢0.01 ppm for amide
sites of ionizations (which yield intrinsicky values) and protons in nonterminal Glu residue8)(

on changes in interactions with surrounding groups resulting ¢ turkey ovomucoid third domain, OMTKYFigure
from the titration steps. The direction and magnitude of the 1), and bovine pancreatic trypsin inhibitor, BPTI, are the
chemical shift can be indicative of particular interactions. vo most and best studied low-molecular weight standard
For example, Wthrich and co-workersg 9) have shown  mechanism10), canonical 11) protein inhibitors of serine
that hydrogen bonds between amide protons and carboxylates,rgteinases. As determined from X-ray structures of enzyme
can be identified on the basis of pH-dependent perturbations;,ipitor complexes, the residues of OMTKY3 marked in

: black in Figure 1 contact the enzyme and those marked in
" This work was supported by NIH Grant P41 RR 02301 (to J.L.M.) - white do not. Mutations at the black residues generally result

and Grants GM 10831 and GM 63539 (to M.L.). . . L S
*The assigned pH-dependent chemical shifts and the resulting " large changes in enzymdénhibitor equilibrium constants,

titration parameters have been deposited (as 43 separate files, bmrBvhereas mutations at the white residues generally have little
entries 5411+5453) at BioMagResBank. effect (ref12 and references therein). The contact residues
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exposed to solvent in the free inhibitor, to the hydrophobic
interior of a cavity in the enzyme. This is particularly clear
for transfer of the Presidue from its “hyperexposed” state
in the free inhibitor to the hydrophobic;Sockets of
chymotrypsin, elastases, SGPA, or SGPB. Qasim el3). (
showed that such environmental transfer in SGPB changes
the K (the K, in the free form of the inhibitor) of P
Asp'8from 4.40 to 9.26. This huge shift irkpgreatly affects

the pH dependence of the association equilibrium constant.
However, additivity can still be employed, provided that both
the AG°t«y andAAG®(Xkyi X) terms are not just constants
but pH-dependent functions. Such functions are giveriy (

Ficure 1: Amino acid sequence of the turkey ovomucoid third AAG®(Xiyi X)(pH) =

domain (OMTKY3) @1). The 12 consensus proteinase contact 1 4 10 (PH-PKI

residues 42) are highlighted in black. The reactive site peptide ~ AAG°(Xqyi X protonatedit- RTIN=—————— (1)
bond between the,Residue (Letf) and the R residue (GI&) is 1+ 10 (PH-PK)

denoted with an arrow.

set and R-Asn® in the noncontiguous set. In this paper, It seemed to us at first that the three parameters of this
we concentrate on only the eight nonstructural residues of equation could be readily determined by measuring the pH
the contiguous set. dependence oAG°. This proved to be quite wrong as

We earlier had substituted each of the 10 nonstructural AG°(pH) becomes very difficult to measure below pH 4 and
contiguous and noncontiguous contact residues with each ofabove pH 10. Values oftfy are expected to lie outside this
the 19 other standard amino acids and determined theregion, certainly for Lys, and probably also for Asp and Glu,
equilibrium constants (and therefore standard free energiesthus precluding accurate determination & from K, data.
of association) for the association of these 191 variants with  Access to independent measurements K yalues for
six selected enzymed2). Assuming that the standard free residues in the contact region would increase the accuracy
energies of association at all 10 positions are additive, oneof the predicted values of association constants. This was
can calculate the standard free energy of association of anythe rationale for the present NMR determination of such
Kazal family inhibitor with one of these six selected Vvalues. For completeness, His was included along with Asp,
enzymes. Such predictions for the 500 known equilibrium Glu, and Lys discussed above. These four residues were
constants for natural, synthetic, and semisynthetic Kazal placed at each of the eight contiguous, variable contact
inhibitor variants showed them to be at least partially positions. OMTKY3 naturally hase¢Lys'® and R-Glu®.
addititive in ~90% of the cases (ref2 and unpublished  Therefore, the target set included 31 OMTKY3 variants:
studies). However, this simple additivity scheme works only wild-type OMTKY3 and 30 (4x 8 = 32 — 2 = 30) single
at the pH value (in our case pH 8.30) where the equilibrium mutants. We have been able to measufe yalues for all
constants were determined. Because different biological but B-Lys', which proved to be intractable because its side
systems employ different pH values, predictions over a broad chain signals could not be distinguished from those of the
pH range clearly would be useful. other four Lys side chains of the variant. The database of

For many of the black residues in Figure 1, complex these [K: values will be of great aid in analyzing data on
formation involves a transfer of the residue, which is largely complex formation. A limited but interesting application of

this type has been publishet¥] in which the pH behavior

1 OMTKY3 stands for the third domain of the proteinase inhibitor Of @ Fi lysyl side chain was compared [in a substrate
(ovomucoid) from turkey Nleleagris gallopao) (Swiss-Prot entry molecule, in BPTI (which has a natura-Bys), and in k-
P01004). Residues in OMTKY3 are denoted as<#i, where P Leu'8Lys OMTKY3] both by the pH dependence Bfssoc

denotes the SchecteBerger notation for proteinase inhibitor§ (vith _ ; : :
i values for residues to the N-terminal side of the cleavage site'and and by X-ray crystallographic comparison of complexes with

values for those to the C-terminal side, Xxx is the three-letter amino & prOton?-ted lysyl side chain at.P o o
acid code, ang is the residue number according to the 56-residue A particularly valuable aspect of determining titration

OMTKY3 domain (that starting with the sequencéAlAVSS...). ; inhibhi ; ; ;
OMTKY3 mutants are described by a dual notation, e.g-PR“Asp behavior of free inhibitors is that the magnitude & pn

for substitution of B-Pro with Asp. Note that in this study all single €4 1 depends only on the inhibitor while the value &&p
mutant forms of OMTKY3 were in the 51-residue background starting depends on both the inhibitor and the enzyme. Thus, one
at VaP and both double mutant forms were in the 56-residue background pK; value serves the studies of that particular residue at a

starting at Leli Titration shiftsAd are reported as the proton chemical i . ; ; ; ;
<hift at the high-pH plateau minus that at the low-pH plateAd: = specified position in complexes with all possible serine

Oa- — Oua. Inflection points derived from NMR pH titration curves pmt?inases- Because the Variab!e. contact positions are all
(pH dependence of chemical shifts) are designated as pelues. If relatively exposed, it is not surprising that most of thé p
a pHhyiq value can be associated with a particular deprotonation step, it yalues were found to be similar to unperturbed values.

is designated as &g value. The notationkk denotes a i§, of a group - .
in the free inhibitor, and I, denotes a K. of a group in an inhibitor However, a few exhibited larger differences, and these were

proteinase complex. Chemical shifts to higher frequencies (downfield) Subjected to additional investigation. For example, interac-
are positive; chemical shifts to lower frequencies (upfield) are negative. tions within the B-Thr’, Pp-GIu'®, Py-Arg?! triad were

Abbreviations: {H,*H]-TOCSY, two-dimensional homonuclear total ot ; e
correlation spectroscopy; OMSVP3, third domain from silver pheasant analyzed by reference to pH titration studies of two additional

ovomucoid; TPPI, time-proportional phase incrementation; SNase, Single mutants, PThr'"Val and B-Arg®'Ala, and one double
staphylococcal nuclease; WT, wild-type. mutant, B-Thr'Val/P;-Arg?*Ala.
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Wild-type OMTKY3 undergoes cis> trans isomerism of 50 ms. All NMR data were collected at a probe temperature
the R-Tyr*'—P;-Pro'? peptide bond at very low pHLE), and of 25°C calibrated by a methanol NMR standard. All NMR
some of the mutants employed here exhibited this transition spectra were processed using XWINNMR software (Bruker,
at altered pHiq values. We have determined the structural Billerica, MA) installed on Silicon Graphics (Mountain View,
consequences, kinetics, and thermodynamics of this interest-CA) workstations.
ing transition as a further step in our understanding of pH-  Data Fitting. Titration data can be fitted to simple models
dependent processes in OMTKY3 and its contact region that assume no interaction with neighboring groups or to
variants; these results will be presented separately (J. Songmore complex models that take various kinds of interactions
M. Qasim, M. Laskowski, Jr., and J. L. Markley, manuscript into account, but require the fitting of additional parameters.

in preparation). The simple model can be extended to account for remote
interactions by introducing the Hill coefficient as an ad-
EXPERIMENTAL PROCEDURES ditional parameter 22). Titration data from monophasic

transitions were fitted to eq 2 with a software package written

Expression and Purification of OMTKY3 Varian®ub- by H. W. Anthonsen (available from www.nmrfam.wisc.edu/

lished methods were employed in preparing the OMTKY3

variants with single-residue substitutions6( 17). These ~hway).

variants, which lacked residues—% of the full-length AS x 1GKaPH

OMTKY3 sequence, contained 51 residues 56). Oope= Og + fox Al @)
Two double-mutant forms of OMTKY3 PThr"Val/Ps- 1+ 10""

Arg?*Ala and B-Tyr*'Phe/R-Lys'®Asp) were prepared by a
slight modification of a published proceduris]. Full-length
OMTKY3 (containing residues-156) was produced as an
N-terminal fusion with staphylococcal nuclease; the fusion (PKa—pH) (PKa2Z—pH)
protein contained an engineered cyanogen bromide cleavage 5 — 5 4 Ady x 10"P™ + Ad, x 10"
site in the linker between the two proteink8). The gene obs B g 4 1 nPKaPH) 1 4 10HPK*PH)
encoding SNase was modified so that all Met residues were 3)
changed to Ala (to eliminate additional cyanogen bromide

cleavage sites), and the fusion protein was purified from N €4S 2 and 30 andog represent the observed peak
inclusion bodies isolated from the harvested BL-21 cells used chémical shift at a particular pH and the chemical shift of
for protein expression1@). GdmCI (6 M) and DTT (100 the unprotgnat_ed fofm' respectivelpd, A.él‘ anq .Aéz
mM) were added to denature the fusion protein: these represent titration shiftsy, n;, andn, are Hill coefficients
reagents were removed later by dialysis against 0.1 M acetic(zz)'

acid. Protein renaturation was achieved by fast dilution into

50 mM Tris buffer (pH 8.0) containing 1.74 m§tmercapto- RESULTS AND DISCUSSION

ethanol. The fusion protein was removed by CNBr cleavage Complications in Data Analysis

at pH 1.0, and the desired product was purified by reversed- . .
phase HPLC. Multiple pH-Dependent Influences on Chemical Shiftse

Hill coefficient n, defined in eq 4, wher¥ is the fraction of
ionization of the group of interest, provides a first-order
approach to dealing with interactions between sites with
similar pK, values.

Biphasic titration data were fitted to eq 3 by the nonlinear
least-squares analysis using Sigma Plot (Microsoft Package).

NMR Sample PreparatiorBamples used for NMR data
collection contained 23 mM OMTKY3 variant dissolved
in a 90% HO/10% B,O mixture (v/v) containing 100 mM
potassium chloride and 0.4 mM 2,2-dimethylsilapentane-5-
sulfonic acid (DSS). The pH of the solution was adjusted a\n
by adding aliquots of concentrated HCI or KOH. The pH of Y= (K4HD) (4)
the sample at room temperature was measured both before 1+ (K a/[H+])”
and after the NMR data were collected, and the average
reading was used for data analysis. The difference betweenThe pH-dependent chemical shift data from a single non-
these readings generally was0.05 pH unit. The glass interacting proton dissociation site, such as that in a
electrode (Biological Combination Electrode, Beckman, monoprotic acid, are expected to fit a simple titration curve
Fullerton, CA) was calibrated with commercial standard pH (eq 2 withn = 1). In a molecule containing two or more
buffers 1.0, 4.0, 7.0, 10.0, and 11.0 (Fisher Scientific, Fair proton dissociation sites with similakpvalues, the addition
Lawn, NJ). A degassed saturated solution of Ca(C#iP5  of a proton at adjacent site(s) has the electrostatic effect of
°C served as the pH 12.42 standaD)( Two buffers  |owering the X, of the site being examined. This flattens
spanning the pH of interest were used in calibrating the out the titration curve and yields a Hill coefficient &fl
electrode. (eq 2 withn < 1; negative cooperativity). Most values
NMR Experiments and Data Processiiigvo-dimensional reported here are<l, as expected. Proteins are complex
(2D) [*H,H]-TOCSY (total correlated spectroscopy) data enough to occasionally exhibit positively cooperative ioniza-
with time-proportional phase incrementation were collected tions. If the protonation of a remote site increases tkg p
on Bruker DMX500 and DMX600 spectrometers located in of the examined site, this has the effect of making the titration
the National Magnetic Resonance Facility at Madison. A curve steeper and yields a Hill coefficient ®fL (eq 2 with
Watergate 3-9-19 pulse sequen2é)(was used for solvent n > 1).
suppression. In all experiments, the carrier frequency was The observation of a pH-dependent shift in an NMR signal
set at the middle of the spectrum, and the mixing times were from a given residue does not necessarily indicate that the
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Table 1: *H NMR Chemical Shifts, pKia Values, and Hill Coefficients for PAsp!” and R-Asp? in Their Respective OMTKY3 Variants

NMR signal Oa— A0 Hill
followed® (ppm) (ppm¥ PHmid coefficient
P>-Asp'’ (in P-Thrt’Asp) HA 2.75 —0.29 3.44 (0.03) 0.83(0.04)
HF 2.94 -0.27 4.14 (0.05) 0.82 (0.08)
IHN 8.49 —-0.20 3.70 (0.04) 0.72 (0.04)
P3-Asp?t (in Ps-Arg?*Asp) HA 2.47 —0.29 4.00 (0.04) 0.92 (0.07)
IHF 2.72 —0.16 3.57 (0.04) 0.94 (0.06)

aThe numbers in parentheses are standard deviations returned by the software fitting the titratior? Glievessgnals from the two geminal
protons of aspartatéH#? and HS) were not chirally assigned; that with the smablar value is designatetH” and that with the largeda- value
lHﬂ'. CA@ = 6A’ - 6HA-

Glu'? yielded a pkhig of 3.52 and a titration shift of 0.29
ppm. The actual g, of Py-GIu®® in this mutant may be higher
than this apparent value. Chemical shielding from the
negatively charged JPAsp!’ appears to counteract the
deshielding effect of the hydrogen bond on the®u®® HN

5 chemical shift. This interaction is reflected in the value of
the Hill coefficient (0.70) for the titration curve ofFGIU*®,
which suggests that the effect involves more than protonation
at the single site. This conclusion is consistent with mutual
electrostatic interaction between the &hd R sites in B-
Thrt’Asp, which as described below was deduced from the
pH dependence of signals from-Phr'’. As noted below,
introduction of a longer carboxylate side chain at(P,-
Thrt’Glu) abolishes the £-P; interaction.

Conformational Equilibrium at Low pHOMTKY 3 vari-
FicURre 2: pH dependence of the chemical shifts gfApt7t HN, ants with R-(Asp*/Glu*/His!) or Ps-(Aspt¥/Glut?) exhibited
HP2, and*H/ in P,-Thri’Asp OMTKY3. The methylene protons  pH-dependent structural heterogeneity, as evidenced by the
were not assigned stereospecifically. The curves represent the besbresence for various residues of two sets of NMR peaks with
fits to the data points. s " L -

pH-dependent relative intensities. Similar peak doubling was

! 18 S >
protonation step is occurring in that residue. The assignmentseep In spectrlah of1FGly QMTKYff' The or'g'r of th'sd
of the pH-dependent shift to a particular protonation site has Conformational heterogeneity, its effects atalues, and
to be made on the basis of additional information, such as the three-dimensional structures of the two interconverting

which nuclei are affected and the directions and magnitudesStaltes will be presented separately (J. Song, M. A._Qasim,
of their titration shifts. M. Laskowski, Jr., and J. L. Markley, manuscript in

If the site being examined is influenced by two protonation Preparation). The report presented here concerns only the

steps with [, values that differ by more than 1 pH unit, conformational state that predominates at neutral pH.
then two pH-dependent inflections may be resolved, which —.. _.. : -
can be fitted to eq 3. The shape of the curve will depend on Titration Results for the Substituted Sites
the direction of the titration shift for each step. One of the ~ From NMR titration studies of the 32 OMTKY3 variants,
inflections may reflect the protonation of the residue whose pK, values were determined for each of four different
chemical shift is examined with the other representing a titratable residues (Asp, Glu, His, and Lys) at each of eight
remote (“spectroscopic”) interaction. Alternatively, both may residue positions (residues-FPs with the exception of R
be remote. Cys'9). Full titration results are listed in Table 2. Although
It is important to unravel individual influences on chemical pKj,values for B-Lys®® and R--Glu*®in wild-type OMTKY3
shifts when signals from a particular residue show multiple have been reporte®8, 24), they were remeasured under
pH effects. One such example is-Rsp'’ in the mutant the experimental conditions of the current study. Signals from
Thri’Asp (Figure 2). The pHqg values obtained from the the lysines inserted into the proteinase binding loop were
pH dependence of the chemical shifts of the two prochiral found to overlap with those of;p-Lys®* and B7-Lys®®. The

Pg-ASp” YN

P,-Asp'” THP

P2-ASp17 14823

1 2 3 4pH5 6 7

1Hfs were 3.44 and 4.13, whereas that fréitl was 3.7
with a titration shift of—0.2 ppm (Table 1). The value of
4.13 is probably closer to the “microscopicK pof P-Aspl’

uniformity of the chemical shifts (near-random coil values)
of the lysine side chains suggests that these residues are all
solvent-exposed and flexible. Th&pof the lysine intro-

than the other two values, considering the spatial proximity duced into the RPrd% position was not determined, because

between RAsp!” and R-Glu®®. All three Hill coefficients
returned by fitting the data from th#HN, *HA?, and *H”®
chemical shifts of RAsp'’ were significantly<1, consistent
with an electrostatic interaction with the neighboring- P
GIu'®. A similar effect was seen in the mutang-Rrg>'Asp,
where the phiq values determined from the twbl’s of Py-
Arg?! differed by 0.43 pH unit, also likely from electrostatic
interaction with R-GIu'®. In mutant B-Thrt’Asp, *HN of Py -

NMR peaks from this residue could not be resolved in
[*H,*H]-TOCSY spectra. A full titration curve was deter-
mined for R-Lys'® present in wild-type OMTKY3, but the
high-pH end points were not reached for the lysines at other
positions; this degraded the accuracy of thé&y getermina-
tions.

Titratable Groups at the PPosition (Residue 13)The
pK, value of R-Lys®® in wild-type OMTKY3 determined
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Table 2: *H NMR Chemical Shifts, MeasuredKp Values, and Hill Coefficients of Titratable Residues in Various OMTKY3 Variants with
Single-Site Replacements along with Data for Model Peptides

amino NMR signal Oa- A0 Hill variation from
residue acicP followed (ppm) (ppmY¥ pKa coefficient model [K, value$
Pe-Lys®® Asp? 1Hp2Ip3 2.29 —0.32 4.33(0.03) 0.84 (0.04) 0.49
Glu RN 9.38 0.05 5.48 (0.09) 1.69 (0.40) 1.16
His IH 7.54 —0.93 6.73 (0.01) 0.96 (0.02) 0.23
Lys <2k 1.99 —0.56 9.65 (0.05) 0.80 (0.07) —0.85
Ps-Pro4 Asp 1HA2I53 2.66 —0.25 3.82(0.03) 0.97 (0.05) —0.02
Glu 1Hr2ns 2.29 —0.23 4.39 (0.03) 0.95 (0.06) 0.07
His IH 7.68 —0.96 6.38 (0.02) 1.02 (0.03) —0.12
P,-Alat® Asp 1Hp2183 2.59 —0.30 3.95 (0.02) 1.06 (0.05) 0.11
Glu 1Hy23 2.14 —0.25 4.32 (0.04) 0.93 (0.07) 0.00
His IHet 7.64 —0.99 6.49 (0.01) 0.98 (0.01) —0.01
Lys 1He2les 2.57 —0.42 10.43 (0.01) 0.93 (0.02) —0.07
P,-Thrl? Asp 1Hp2Ip3 2.94 —0.27 4.14 (0.05) 0.82 (0.08) 0.30
Glu IHN 9.62 0.92 3.91 (0.02) 0.95 (0.03) -0.41
His IHet 7.69 —0.95 5.98 (0.02) 0.89 (0.03) —0.52
Lys 1He2les 2.61 -0.41 10.40 (0.04) 0.89 (0.07) —0.10
P;-Leut® Asp 1Hp2Ip3 2.77 —0.25 3.87 (0.04) 0.81 (0.05) 0.03
Glu IHr2hs 2.30 —0.26 4.19 (0.04) 0.97 (0.07) —0.13
His IHet 7.71 —0.94 6.51 (0.02) 0.89 (0.03) 0.01
Lys <2k 2.65 —0.39 10.70 (0.03) 1.06 (0.07) 0.20
Py-Glut® Asp 1Hp2IP3 2.53 —0.32 3.13(0.03) 0.92 (0.05) —-0.71
Glu IHN 8.23 0.60 3.54 (0.02) 1.04 (0.03) —0.78
His IH 7.76 —0.97 5.68 (0.01) 0.99 (0.02) —0.82
Lys U je2te3 2.59 —0.44 10.10 (0.12) 0.74 (0.13) —0.40
P-Tyr20 Asp 1HA2I53 2.59 —0.28 3.90 (0.04) 1.0 (0.08) 0.06
Glu 1Hy2ir3 2.37 —0.16 4.29 (0.05) 0.73 (0.07) —0.03
His IHe 7.65 —1.06 6.00 (0.01) 0.98 (0.02) —0.50
Lys 1He2les 2.63 —0.42 10.40 (0.03) 0.90 (0.06) —0.10
Psy-Arg?t Asp 1Hp2I53 2.47 —0.29 4.00 (0.04) 0.92 (0.07) 0.16
Glu 1Hr2hs3 2.11 —0.27 4.56 (0.05) 0.87 (0.09) 0.24
His IHe 7.62 —-1.01 6.72 (0.01) 0.92 (0.01) 0.22
Lys 1H<2ke3 2.54 —0.43 10.72 (0.02) 0.93 (0.03) 0.22
model compounds
Suc-AAPX-pna
X = Asp 1Hp2I53 2.78 —0.29 3.84 (0.02) 0.91 (0.04)
X =Glu 1Hr23 2.34 —0.24 4.32 (0.02) 1.05 (0.04)
X =Lys 1He2les 2.61 —0.43 10.51 (0.02) 0.95 (0.02)
H-GGXA-OH¢
X =Asp 3.9(0.1)
X =GClu 4.3 (0.01)
X = His 7.0(0.1)
X =Lys 11.1 (0.2)

aThe numbers in parentheses are standard deviations returned by the software fitting the titratior? Fhievedld-type residues at positions
Ps and R’ are bold.c A6 = da~ — dua. ¢ Standard K, values assumed here were 3.84 for Asp, 4.32 for Glu, 6.50 for His, and 10.5 for Lys; see
the text.® The pH titration parameters fosfAsp!® were determined from the double mutagtRrt'Phe/R-Lys'Asp. f The pH dependence of the
chemical shifts ofH#? and*H® nuclei exhibited different inflections. On the basis of chargkarge interactions, it was deduced that the inflection
yielding the higher pHiq represents thekq value.9 From Bundi and Wthrich (6).

here (9.65+ 0.05) is similar to the value reported previously
(9.86) @3). Surprisingly, neithetH??/3 of Pg-Asp'® nor
1H7273 of Ps-Gluts exhibited an observable pH dependence.
The K, value for Glu inserted at the ¢Pposition of
OMTKY3 was determined from the pH dependence of its
IHN signal. The pH titration data forgPAspt® were deter-

Lys. Additional data were determined here for the Suc-Ala-
Ala-Pro-Xxx-pna model peptide: 3.84 0.02 for Asp, 4.32

4+ 0.02 for Glu, and 10.5% 0.02 for Lys (Table 1). These
are comparable to the values of Bundi andttich, except
for the value for Lys, which is somewhat lower. Apof
6—7 has been reported for the imidazole of histidine in a

mined in the double mutant {Hyr'*Phe/R-Lys'*Asp), denatured proteirs( 26—28). Standard | values assumed
which exhibited an observable titration shift for one of the here were as follows: 3.84 for Asp, 4.32 for Glu, 6.50 for

1HA protons (Table 1). These findings suggest that a ring His, and 10.5 for Lys.

current effect from RTyr! could be responsible for masking )

the expected pH dependence of these signals. Robertson et Differences between the observezp/alues and these

al. (25) proposed such a ring-current mechanism to explain standard values are shown in the right-most column of Table
the failure of onéH¢ of Ps-Lys!3 in wild-type OMTKY3 to 2. The results show that context-dependent perturbations are

exhibit an appreciable titration shift.

Site Specific pK Perturbations. Reference values for
unperturbed chemical shifts and&Kpvalues were reported
by Bundi and Wthrich (6) for the H-Gly-Gly-Xxx-Ala-OH
tetrapeptides (reproduced in Table 1): 390.1 for Asp,
4.3+ 0.1 for Glu, 7.0+ 0.1 for His, and 11.1- 0.2 for

smallest at Pand R and largest at £and R.. By residue
type, the patterns are highly site specific: th& palues of
Asp and Glu are both higher than normal when aaRd
both lower than normal atPLys shows a large perturbation
at only R. The K, of His is depressed significantly when
located at B Py, or Py.
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Table 3: Fitted*H NMR Chemical Shifts, Measuredkp Values, and Hill

Coefficients of RGIu'® in Various OMTKY3 Variant3

proton of R--Glut® Oa- AP pKa Hill coefficient pKa change from
OMTKY 3 variant observed (ppm) (ppm) (error) (error) the WT value (error)
wild type IHN 8.23 0.60 3.54 (0.02) 1.04 (0.03)
Pe-Lys®Glu IHN 8.12 0.46 3.47 (0.02) 1.08 (0.04) —0.07 (0.04)
Ps-Pro“Glu IHN 8.22 0.55 3.58 (0.01) 0.96 (0.02) 0.04 (0.03)
P,-Alal>Glu IHN 8.17 0.47 3.49 (0.01) 1.06 (0.03) —0.05 (0.03)
P,-Thrt"His IHN 8.20 0.21 3.55 (0.03) 1.10 (0.07) 0.01 (0.05)
P-Thr*'Val IHN 7.89 0.17 3.92 (0.03) 1.10 (0.07) 0.38 (0.05)
1423 2.21 0.25 3.92 (0.04) 0.91 (0.06) 0.38 (0.06)
P>-Thr'Val/Ps-Arg?*Ala IHr2h3 2.22 0.23 4.11 (0.02) 0.91 (0.04) 0.57 (0.04)
Pi-Leut®Asp IHN 8.11 0.47 3.21 (0.02) 1.34 (0.06) —0.33(0.03)
Pi-Leut®Glu IHN 8.22 0.54 3.39(0.01) 1.10 (0.01) —0.15 (0.03)
P,>-Tyr2°Asp IHN 8.05 0.32 3.98 (0.04) 1.36 (0.15) 0.44 (0.06)
P>-Tyr?%Glu IHN 8.13 0.43 3.86 (0.02) 1.00 (0.04) 0.32 (0.04)
P3-Arg?'Asp IHN 8.48 0.86 3.91 (0.02) 0.87 (0.04) 0.37 (0.04)
Py-Arg?'Glu IHN 8.89 1.28 3.91 (0.02) 0.77 (0.03) 0.37 (0.04)
Ps-Arg?'Ala IHN 8.37 0.74 3.77 (0.02) 0.97 (0.03) 0.23 (0.04)

@ The numbers in parentheses are standard deviations returned by

the software fitting the titratior? Adrvesda- — Spa.

1NN

J'\Icl Glu

3.5

PHmia

]

Leu“Gru Tyr Glu

F'\

Lys Glu Pro"'GIu Arg Ala Arg 'Glu

Ficure 3: Comparison of pkliq values for the titration shifts of
P,-Thri7t HN (white bars) and RGIut®*HN (black bars) in different
OMTKY3 variants.

Effects of Substitutions on Other Titrations in OMTKY3

In addition to the [, values of the residues introduced
into the contact region of OMTKY3 (Table 2), the NMR
titration data include perturbations of otheKjvalues
resulting from the substitutions. Such results provide infor-
mation about longer-range molecular interactions within the
molecule.

P-Glu®®. An interesting case is the side chain carboxyl
group of R-GIu'®, which is responsive to mutations at several
other residue positions (Table 3). Thi€value of R--Glu*®
in wild-type OMTKY3 determined here with the sample in
100 mM KCI (3.54) is higher than that reported earlier for
OMTKY3 in 10 mM KCI (3.2). This discrepancy can be
attributed to a difference in salt concentration. As noted by
Forsyth and Robertso2®), the K, of P;-Glu*® is sensitive
to ionic strength. With no added salt, we obtainedayalue
of 3.42 for this residue. The origin of thep perturbation
of Py-GIu'® has been attributed in part to the hydrogen bond
between RThr” H’* and R-Glu'® O¥2 and in part to the
intraresidue hydrogen bond between the backbone amide an
side chain carboxylate of;PGIu'® (24, 29) as observed in
X-ray structures of OMSVP33(0) and the NMR structure
of OMTKY3 (31). This interaction affects the dynamics of
the side chain of RGIu®®, rendering signals from th#H72
and!H”3 protons unobservable bjH,'H]-TOCSY at neutral
pH (when R-GIu'® is deprotonated). A positive correlation
was observed between the piivalues of B-Thr'” and the
pKa values of R-GIu'® in a large number of OMTKY3
variants (Figure 3). Systemati&pdeviations were observed
for other titratable residues at the Bite; all were consider-
ably lower than the standardp values.

Effect of Disrupting the RThr”---P;-Glu!® Hydrogen
Bond.How will disruption of the hydrogen bond between
P>-Thr'” and R-Glu®® affect the titration properties of the
P;-Glut® side chain? To answer this question, an OMTKY3
mutant was designed with fhr'” replaced with Val.
[*H,'H]-TOCSY results for this variant ¢gPThr*Val) showed
doubling of peaks indicative of two conformational states
interconverting on a millisecond or longer time scale. Signals
were assigned to individual residues, including®u*®, Ps-
Cys'é, and R-Ala®® (Figure 4a). The relative volumes of the
two sets of peaks were insensitive to pH; the mole fraction
of the major form [;) was ~0.7, and the mole fraction of
the minor form () was~0.3 (Figure 4b) over the pH range
that was investigated. Peaks were assigned;tGR° on
the basis of peak pattern and chemical shift. The mihdr (
P-Glut® spin system exhibited a pH-dependét chemical
shift but no resolved ¥/72 peak at neutral pH, whereas the
major (c) Pr-Glu'® spin system exhibited a pH-independent
IHN chemical shift and a resolved, pH-dependetritfipeak.
The K, values for R-Glu'®in the two conformational states,
as determined from the pH dependence of these peaks, were
both 3.92 (Table 3). Comparison of the results for wild-type
and B-Thr*’Val OMTKY3 (Table 3) showed that disruption
of the hydrogen bond between-Phr'” and R-GIu'® leads
to elevation of the [, value of R-Glu*® by 0.384- 0.05 pH
unit. Disruption of this H-bond lowers the magnitude of the
titration shift of R-Glu'® HN by 0.43 ppm, showing that
the intraresidue hydrogen bond betwékef of P,-Glu'® and
its carboxylate is weakened. The origin of the conformational
heterogeneity in the Pval'” variant remains unknown;
however, one of its consequences is that the major form

éetams the hydrogen bond betwet of Py-Glu® and its

carboxylate, whereas the minor form does not.

Interactions among the Py, and B Sites (Residues 17,
19, and 21, Respeetly). Figure 5 shows the local geometry
of P,-Thr'?, Pp-GIu'®, and R-Arg?! in the X-ray structure
of the free silver pheasant ovomucoid third dom&é) (no
X-ray structure is available for free OMTKY 3, but that from
the silver pheasant third domain, which has the same local
sequence, should be a good approximation). The side chains
of Py-Glut® and R-Arg?! are spatially proximate and have
opposite charges; thus, an interaction between these two
groups could contribute to the abnormally lowof P;-
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Ficure 4: (a) Selected!H,'H]-TOCSY region of B-Thr'"Val OMTKY3 at pH 4.1. For doubled resonances, that from the conformer with

the trans R Tyr!—P;-Pro'? peptide bond is denoted with an asterisk. (b) Population of the trans conformer as a function of pH as determined
from the relative peak volumesd+](Ic + I1)] of doubled resonances froms-Rlal®> and R-GIu®. Error estimates were derived from
measurements of spectral noise.

Py-Arg”!

Py-Tyr®® Py/-Tyr®

PThr"” ‘i Py-Met™ P,-Thr"” ‘-" Py-Met"®

FIGURE 5: Stereoscopic representation of residugd 17 to Py-Arg?! in the X-ray structure of the free silver pheasant ovomucoid third
domain B0). These same residues (except &e present in the turkey ovomucoid third domain, and thus, the structure should be similar.
The color scheme is as follows: gray for carbon, blue for nitrogen, red for oxygen, and yellow for sulfur.

GIu'®. In fact, the current study provides evidence for such (P,-Thr'?) and 6.58 (R-GIu'®) (see Table S2 of the Sup-
an effect. In most variants studied here that containgd P porting Information); the latter is close to th&p(6.72) of
Arg?' and GId® or Asp* at Py, the chemical shift of g Ps-His?! (determined from the pH dependence oflits?).
Arg?! H¢ was found to shift with increasing pH to a higher The lower pHhg values were 3.44 (PThr'”) and 3.42 (k-
frequency by 0.060.07 ppm (see Table S1 of the Supporting GIu'®) (Table S2); these are close to the lower,pH3.28)
Information). Although this titration shift is relatively small, determined from the biphasic pH dependence st
the transition yields a measurable gid value, which 1H%2 (Table S2)HN of P;-Glul® shifts to a lower frequency
corresponds to thelfy of the B side chain carboxylate. upon deprotonation of FHis?!; this suggests that the

As one example, Figure 6a shows the titration curve for hydrogen bond between the backbone amide group and side
Pz-Arg?! H¢ (in P,-Thri'Val); the pHng of 3.71 derived from  chain carboxylate is disturbed by the neighboring imid-
this curve is close to theia determined for P-GIu'® in this azolium ion.
variant (3.92) (Figure 6b). As another example, tgyalue A similar effect was observed insPArg!Ala OMTKY3,
of Pp-Asp® (in Py-Glu'®Asp OMTKY3) determined to be  in which replacement of Arg with Ala resulted in a change
3.13 from the pH dependence of #d/2%3 was equivalent  in the titration shift of R-Glu'® HN of 0.14 ppm (Table 3).
within experimental error to the pii for Pz-Arg?! in the In this variant, the 5 value determined forRPGIu'® (3.77)
same molecule (determined to be 3.21 from the pH depend-was 0.23+ 0.04 pH unit higher than in wild-type OMTKY3.
ence of its'H¢). H¢ of Py-Arg?! has a titration shift of 0.20  These results suggest that the positive charge ;0Arg%*
ppm for this transition (Table S1), consistent with a hydrogen makes a contribution 6f0.2 pH unit to the abnormally low
bond between the two side chains. pK, of Py-GIu®® in wild-type OMTKY3.

Additional evidence for interactions among the B, and As expected from electrostatics, the effect of placing a
Py residues came from the titration curves of these residuesnegative charge atsPshould be to elevate thekp of Py-
in Pz-Arg?*His OMTKY3. As shown in Figure 7, théHN Glu'®. This effect was observed (Table 3) in mutants P
chemical shifts of RThr'” and R-GIu'® both exhibit a Arg?*Asp (P-Glut® pK, = 3.91) and B-Arg?'Glu (Py-GIu'®
biphasic pH dependence. The higherpi¥alues were 6.07  pK,= 3.91). Most notably, the mutangfArg?'Glu exhibited
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Ficure 6: pH dependence of the chemical shifts of resonances in
P,-Thri'Val OMTKY3: (a) Psz-Arg side chainlHe¢, (b) Py-Glu
backbone!HN (T, signal from the minor conformational form
observed with this mutant), and-#lu side chairiHr%73 (C, signal
from the major conformational form observed with this mutant).
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Ficure 7: Chemical shifts of resonances from residues in P
Arg?'His OMTKY3 plotted as a function of pH: FThrl” backbone
IHN, Pp-Glut® backbone'HN, and R-His?! ring Hel and 1H%2,

increased titration shifts for;PGIu*® 'HN (by 0.68 ppm) and
Po-Thrt” *HN (by 0.15 ppm) (Table 3 and Table S3 of the
Supporting Information); this indicates that the hydrogen
bond between the side chains of Fhr'” and R-Glu'® and
the intraresidue hydrogen bond af-Blu'® are much stronger
in this variant than in wild-type OMTKY 3.

In the mutant RThr’Glu, *HN of P,-Glu'” exhibited a
titration shift of 0.92 ppm and an associated.j+bf 3.91

Song et al.

a charged hydrogen bond between the backbone anfide H
and one or both ©atoms of B-Glu'” at neutral pH, which

is disrupted when the side chain is protonated (withka p

of 3.91). As with R-GIu'®, signals from RGIu'” 'H273 were

not observed in thelH,'H]-TOCSY data from samples at
neutral pH, probably as the result of exchange broadening
associated with the dynamics of the hydrogen-bonded system.
In P-Thr'’Glu, the K, of Py-Glu'® was 3.87 as determined
from the pH dependence oftHl”?3 signal; the K5 increase

in the mutant can be attributed to disruption of the hydrogen
bond and to electrostatic interaction between negative charges
at the R and R sites.

A double mutant (RThr*'Val/Pz-Arg?Ala) OMTKY3
was constructed and investigated by NMR pH titration as a
further test of interactions among the side chainszatHp,
and B. The K, of P;-Glu'® in the double mutant derived
from the pH dependence of it$l” signal (pHnia = 4.10,
Table 1) was 0.50.6 pH unit higher than that in wild-type
OMTKY3, in agreement with the proposed network of
interactions among ;RGIut®, P,-Thr'’, and R-Arg?L. The
lack of an observable titration shift fdHN of Py-Glu'® in
the double mutant suggests that the hydrogen bond between
the side chain carboxyl group of FGIu'® and its backbone
amide group is abolished inHhr'*Val/Pz-Arg?*Ala.

Interactions between the Side Chain gf fResidue 19)
and the Side Chains of;Rand P (Residues 18 and 20).
The introduction of negatively charged side chains at the
neighboring R position had the effect of increasing thi€p
of Py-Glu® by 0.32-0.44 pH unit (Table 3). The Hill
coefficient for R-GIu'®in P»-Tyr?°Asp was found to deviate
slightly from unity. On the other hand, the conserved
backbone conformation of the proteinase binding loop causes
the side chains of Rand R to protrude in opposite directions
(Figure 5). Electrostatic interactions between the side chains
of these two residues appear to be minimal. TKg yalues
of each of the four titratable residues (Asp, Glu, His, and
Lys) inserted in the Psite were close to standard values.
The pH dependence 8HN of Py-Glu'® yielded a phhig of
3.21 in R-LeuAsp and a phg of 3.39 in R-Leu'®Glu
(Table 3).

Effect of Replacing PLeu® with Ala or Gly. The R
residue is the major determinant of binding specificity.
OMTKY3, which has R-Leu, binds strongly to chymo-
trypsin. To extend studies of the linearity of substitutions at
this key position to residues that permit additional flexibility,
we examined pH titration effects in two additional variants:
P;-Leut®Ala and R-LeusGly. In Pi-Leut®Ala, the K, value
of Py-GIu'® (3.52 as determined from itsiN) and its titration
shift (0.56 ppm) are comparable with those of wild-type
OMTKY3. These results indicate that the backbone confor-
mation of the P and R: sites is maintained in this mutant.
In Pi-Leut®Gly, signals from R-Glu*® were well-resolved
even at neutral pH. This permitted the determination aof;pH
values derived from the pH dependence ofEu® 1H»2/73
(3.32) and!HN (3.47 with a 0.59 ppm titration shift).

P> ReplacementRkReplacement of RTyr of OMTKY3
with Asp or His has been found to increase the hydrolysis
constant for cleavage of the reactive site peptide b&rg)(
by a factor of 529). The titration data for these two mutants
were compared with those for wild-type OMTKY3 for
possible clues to the origin of this effect; however, nothing

(Table 2). These results are consistent with the presence ofof significance was detected. In particular, there was no
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evidence that these mutations decrease the strength of th¢he electrostatic effect between the-8Iu'® and R-Arg?!

hydrogen bond betweenf5lu and B-Thr. In P»-Tyr?°Asp,

HN of P,-Thr'” exhibits a phhiq of 4.11 with a titration shift
of —0.20 ppm. In R-Tyr?®His, HN of P,-Thr'” exhibits a
pPHmia of 3.47 with a titration shift of—0.17 ppm. The

magnitudes of these titration shifts are comparable to that

in wild-type OMTKY3 (—0.24 ppm) (see Table S3 of the
Supporting Information).

CONCLUSIONS

NMR pH titration investigations of OMTKY3 variants
with titratable residues at all contact positions with protein-
ases have revealed a detailed picture of molecular interaction
within this important part of the inhibitor.

Correlation of pK, Values with Salent ExposureThe K,
values of titratable residues substituted into theHy, and
P: positions were found to be nearly identical to standard
values from model compounds. An independent study of
cyclodextrin binding has shown thag Bnd R are the most
solvent-exposed sites in the looR2j.

Perturbed pK Values at the Pand P Sites.The K,
values of titratable side chains located at thafd R- sites
show considerable deviation from standakd palues (Table
2). A consistent finding of this study is that residues at the
Py site have K, values consistently lower than normal.

S

side chains, and the intraresidue hydrogen bond betwgen P
Glu*® O*2 and HY. This intraresidue hydrogen bond
becomes weaker with the disruption of the hydrogen bond
between RThrt” and R-Glu®®.

Other Unusual pK Values.In addition to R-Glu, other
residues with obviously perturbedKpvalues in wild-type
OMTKY3 include R-Lys'3, Pi>-Asp’, Py-Asp?’, Pig-Lys®,
Pas-Glu®3, Pys-His®, and C-terminal B-Cy<s® (23, 24) (also,
see Table S4 of the Supporting Information). The origins of
most of these unusualkp values have been discussed in
earlier studiesZ3, 24, 33). Nevertheless, the lowk values
observed for RLys'® and Rg-Lys®* and the high Ka
observed for B-Glu*® remain puzzling. This study shows
that the K, values of titratable residues in the core of
OMTKY3 are not perturbed by replacements at positions in
the proteinase binding loop (except for those at theike).

Unusual X, values for many types of residues have been
reported in previous studie2-(5, 27, 34—36). Perturbations
of pK, values result from various factors, such as charge
charge interactions between charged grog¥% 88), the
degree of solvent exposure of the charged groyp3b),
hydrogen bond interactior®), etc. For example, aky, of
6.36 for a glutamate side chain in rat CD2 has been attributed
to mutual electrostatic repulsio®q). A pK, of 7.5 for an
aspartate side chain in oxidiz&gcherichia colthioredoxin

Although previous electrostatic calculations suggested thathas peen explained in terms of the hydrophobic local

the amino group of B-Lys®* makes the largest contribution
to lowering the K, of Py-GIlu®® (23), a later study by Forsyth
and Robertson33) showed that the carboxylkp of P;-
GIu'® is not elevated by replacement ofigFLys®%. By

environment of the carboxyl grouB%). In addition, the
dipole associated with am-helix can perturb thelf, of a
group located at the N- or C-terminus of the hel27,(39,
40). In barnase, thely, values of histidyl residues located

combined pH titration and site-directed mutagenesis, the gt the C-termini ofx-helices were found to be0.5 pH unit

origin of the low K, of Py-Glut® in OMTKY3 has been
thoroughly probed in this study. Our results indicate that the
major interactions responsible for lowering thi€,mf Py-
GIu* are the hydrogen bond between the carboxylate ef P
Glu* and the hydroxyl group of PThr’, the charge-charge
interaction between RPGIu'® and B-Arg?, and the intra-
residue hydrogen bond between the carboxylate eGRL®
and its own amide group. The hydrogen bond between P
Glu*® and B-ThrY, which is believed to help fix the
conformation of the reactive site, lowers th€,mf Py-Glu®®

by ~0.5 pH unit; disruption of this hydrogen bond increases
the K, of Py-Glu®® from 3.54 to 3.92. On the other hand,
the electrostatic effect ofsPArg?! decreases thekj of Py-
GIu'® by 0.2 pH unit. Interestingly, the effects of the two
mutations affecting the K, of Py-Glu'® are additive: the
pKa shift of the double mutant gPThrl"Val/Pz-Arg?*Ala) is
equivalent to the sum of those of the two single mutants
(Table 3).

As shown in the X-ray structure of OMSVP3 in its free
form (30) (Figure 5), the distance betweeg-Blul® O
and B-Thrl” Ot is 3.0 A, close enough for hydrogen bond
formation. In addition, €of Ps-Arg?tis 5.0 A from the two
O atoms of R-GIu'®, close enough for an important
electrostatic interaction.

The electrostatic effects observed in this study are

consistent with earlier observations by Robertson and co-

workers @4), who found that the I§, of P-Glu*?is elevated

higher than normal, whereas those located at N-termini were
0.8 pH unit lower 27),

In OMTKY3, the side chains of £Tyr!?, Ps-Lys!s, and
Pie-Lys®** are spatially close to one other, forming a
cooperative triad. The local hydrophobic environment created
by the side chains of these three residues may favor the
neutral forms of BRLys'¥GIlu*¥Asp'® and Re-Lys®; this
would explain the perturbedkp values of these residues.
The three-dimensional structure of OMTKY3 provides no
evidence for hydrogen bond or charggharge interactions
responsible for the elevatedpof P.s-Glu*3. However, the
side chain of this residue is located at the C-terminus of the
only a-helix in OMTKY3. As proposed by Hol et al39),
the helix macrodipole is expected to place negative charge
on the C-terminus and increase th€,@f Ps-Glu®.

Origin of Chemical Shift PerturbationBackbone'HN
resonances exhibiting significant titration shifts fall into two
groups: those that shift with increasing pH to higher
frequencies Ao(*HY) > 0] and those that shift to lower
frequenciesAd(*HY) < 0]. As pointed out previouslygj, a
positive Ao(*HN) is consistent with the formation of a
(stronger) hydrogen bond betweef Bnd a newly formed
carboxylate oxygen. An example of such an interaction is
the amide group of RGIu® of OMTKY3. The hydrogen
bond between the side chain carboxylate and backbone amide
is observed in X-ray and NMR structures of OMTKY3. In
earlier studies of peptides, a negativé(*HV) generally was

at high salt. The results presented here demonstrate thenterpreted as an “intrinsic titration” effed), However, our

interrelatedness of three interactions involving®u'®: the
hydrogen bond betweenfhr'” H%! and R-Glul® OYe?,

study shows that many such shifts are better explained by
electrostatic shielding. For example, in the mutant P
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Ala®Asp, HN of P,-Asp*® yielded aAd(*HN) of —0.05 ppm,
whereas its neighborRCys'® had aAd(*HV) of —0.14 ppm,
with a pHnia of 3.96, close to the I, value of R-Asp'®

(4.05). As another example, although no acidic residues are

adjacent to R-Asn®, one of the!H#2/3 signals of Rs-Asn?
shows a titration shift of~0.1 ppm with a pR4 close to

the K, of Py-GIu'®. Since hydrogen bonds were observed

only between the side chain amide group @f-Rsn*® and
the backbone oxygens of-Fhrl” and R-Glu'®, the titration
shift of Pig-Asn®® H2P3 most likely arises from an

electrostatic effect fromPGIu'®. A similar phenomenon has

been reported in rat CDAY), where the chemical shift of

H72/73 of Glu?® was found to be influenced more strongly by
a neighboring residue (GH) than by its intraresidue carboxyl

group.
The magnitudes of most intrinsic titration effects iV
are on the order of approximatety0.05 ppm. In this study,

however, many of the Asp and Glu residues with observable
IHN titration shifts to lower frequency had shifts in excess
of 0.1 ppm. More work needs to be done in correlating

titration shifts with structural information andp values.

This study also shows that different protons on the same

residue can yield different pki values. A case in point is
P>-Asp!” in the mutant RThr'’Asp for which three distinct

pHmiq values were determined from the pH dependence of

its IHN, HA2, andH? protons (Figure 2 and Table 1). The
protons of B-Asp!” experience electrostatic effects from its
own side chain and that of,FGIu'®. Special caution needs

to be taken when determiningKp values from the pH

10.

11.
12.

13.

17.

18.

20.

21.

22.
23.

dependence of a single resonance in a complicated environ- o4,

ment involving multiple charged groups. It can be difficult
to distinguish intrinsic §, values from spectroscopic effects
from neighboring titrating groups. Additional data may be
needed to disentangle these factors such as the pH depend-

ence of3C NMR signals from (selectively}*C-labeled
protein.
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