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Determination of the protonation state of titratable protein shift for C-5 is sufficiently large to dominate conformational effects,
residues is of critical importance for the interpretation of active allowing analysis of a limited data set near neutral pH in
site chemistry, as well as for understanding the role of electrostatic combination with a two parameter fit witho set equal to 5.0 ppm.
interactions in protein folding and stability> NMR spectroscopy Some examples are presented below.
provides the most powerful approach available for the determination A critical step in the base-excision repair process for DNA is
of pK values for individual protein residues, particularly in the lyase reaction which removes tHedgoxyribose phosphate flap
combination with isotopic labeling strategies. Nevertheless, the that is formed after damaged DNA is incis€d8This reaction has
limited pH stability range of most proteins poses a significant been shown to proceed througj-limination reaction that occurs
obstacle to obtaining reliable pK values based on the pH dependencexfter the initial formation of a Schiff base adduct between the C-1
of resonance shifts. This problem is particularly acute for lysine of the abasic deoxyribose-phosphate and the active site lysine
residues since, with a few exceptidhi,is not possible to obtain  residuel?18Biochemically significant Schiff base reactions typically
good asymptotic shift values at high pH. However, lysine residues ytilize lower pK a-amino group or active site lysine residues
often play critical roles in the active site chemistry of prot€irs.  wijth unusual environments that result in a lowered pK value.
The problem becomes more acute as more challenging and stability-However, recent NMR studies of the lyase domain of DNA Pol
challenged proteins are being investigated using this approach. demonstrated that the pK value for the active site Lys312 residue,

The™3C shift of lysine G has often been used as a reporter group which is important for the lyase reactidhjs 9.6. ThelH—13C
for the titration of thee-amino group, and several studies have HSQC spectrum of the lyase domain of the base-excision repair
utilized proteins specifically labeled with [6€]lysine in order to enzyme DNA polymerasg grown on a medium containing [6€]-

obtain lysyl pK values:%"*2 Regardless of the labeling approach |ysine did not provide sufficient resolution for analysis of the active
followed, analysis of the data obtained typically uses a three or gjte | ys72 residue (Figure 1).

four parameter fit:
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where ¢y is the limiting shift of the unprotonated resonance, s K54 @ 20
AS = Op — Oy the total titration shift, anadh is a Hill coefficient, ol @ K27 "
sometimes introduced in order to account for interactions among _
titrating residued!-1415In general, use of a four parameter fit does 313C w2 @ s k27 @
not work well if data at both asymptotic shift limits cannot be 24 50 s K35
obtained.* and even the three parameter fits can result in significant 3
errors when the pH range over which data are obtained is limited. we o Ks209 »
Additionally, the shift observed at high pH can be influenced by s 2 @ ks
the presence of partially unfolded conformations, resulting in ", e €9 Keo
significant error in the calculated pK value. In the present
communication, we have utilized protein labeled witf5-13C]- T 331H E R 1-581H--: T 05

lysine, which was prepared via alkylation of the Oppolzer sultam
glycinate; the synthesis is described in the Supporting Information. Figure 1. H—13C HSQC spectra of the Pgllyase domain labeled either
The use of the lysine C-5 resonance as a reporter group for theWith t‘[6‘13c]‘ (lt?tﬁ _pa’;e'g O’L'.[S'lg\(l:]lys"?e (rg?t panel):H—C HSQSNITY

. . PO Spectra were obtaine usin arlan's SQC sequence on a -
protonation state of theamino group offers _sngr)lflcanF advantages ”\FI)OV A 600 MHz spectr or¥1eter gt DH 6.8, 2% Wit?l 128‘1 1024 complex
over the use of C-6 due to the greater shift dispersion that results points and acquisition time of 128 ms in bathandt2. Sixteen scans were
because the C-5 carbon is positioned closer to the backbone of theacquired per increment, with a 1.0 s delay between scans.

protein, and due to the 5-fold greater shift response to titration of

the e-amino group, that ishd = 5.0 ppm compared with 1.0 ppm | contrast with the spectrum on the left, half of the lysine residues

for C-6. This effect is thought to reflect the partial cancellation of j, ie Polg lyase domain labeled with [5C]lysine were resolved

several contributions to the shift of C16In general, the titration in thelH—13C HSQC spectra (Figure 1). In addition, the large shift
* National Institutes of Health. range for Iysine Q-S makes it possible to observe_ sigpificant shifts
#Los Alamos National Laboratory. for the lysine residues below pH 9.0, as shown in Figure 2.
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Figure 2. 'H—13C HSQC spectra of [33C]lysine-labeled DNA PgB lyase
domain (residues-287). The assignments of 10 resolved lysine residues

Hasselbach equation (Supporting Information). However, as titration
data at the higher pH end of the curve are eliminated, the three
parameter fit breaks down, leading to progressively lower pK and
Ad values. The four parameter fit of the simulated data was
successful, but small deviations present in real data due to shift
contributions from the titration of nearby residues or from confor-
mational changes make such fitting procedures unstable and
generally unreliable. This limitation was apparent in titration studies
of the U-[3C5N]Pol 8 lyase domain (Supporting Information).
Alternatively, reasonable pK values are obtained using a two
parameter fit of the data, even if the pH range does not reach the
pK of the titratable group. For real data, the success of this two
parameter fit is critically dependent on the assumption that the
magnitude of the titration shift is much greater than the shift
contributions arising from other effects. For this reason, the use of
[5-13C]lysine with its 5-fold greater shift response to titration of
the e-amino group is a superior approach for lysine pK determi-
nation in proteins over which the pH accessible range is limited.
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are indicated. Superimposed spectra were obtained at pH 6.80 (black), 7.7d\National Stable Isotopes Resource (5P41 EB002166 (C.J.U. and

(red), and 8.75 (blue). Over this limited pH range, lysine residues 52, 54,
and 27 show small pH-dependent shifts, Lys60 and 68 show somewhat
larger shifts, and Lys72 still larger shifts. These differences are reflected
in the calculated pK values (Table 1). NMR spectral parameters are the
same as in the caption of Figure 1.

Table 1. Fit of Titration Data for [5-13C]- and
[6-13C]Lysine-Labeled Pol 8 Lyase Domain

S.N.L.)).

Supporting Information Available: Synthetic method for the
synthesis of [5C]lysine, two and three parameter fits of TEM-1

p-lactamase [6°C]lysine titration data from refs 10 and 12, analysis

of titration data for the UJC*N] Pol 5 lyase domain, and various
simulations. This material is available free charge via the Internet at
http://pubs.acs.org.

5-13C label 6-1°C Label
residue pK (2)2 pK (3)° AoPppm pK (2)2 pK (3)° AdPppm
27 11.13 10.67 3.02 10.50 9.85 0.45
35 10.40 [« [« d d d
52 10.50 10.30 4.53 10.76 10.59 0.77
54 10.71 c c 10.59 c c
60 10.39 10.23 4.68 d d d
68 10.21 c c d d d
72 9.84 c c d d d

aTwo parameter fit of thésC titration data withAd set equal to 1.05
ppm for C-6 or 5.08 ppm for C-2. Three parameter fit of th&C titration
data.c Nonlinear fit did not converge! Not resolved.

The pK values corresponding to the resolved lysine resonances
obtained using a two parameter fit withd = 5.08 ppm are
summarized in Table 1.

The pK value of 9.8 for the active site Lys72 residue of the
domain is very similar to the value of 9.6 recently determined for
the homologous residue in the lyase domain of DNA PHI This
result is consistent with a recent crystallographic study of fPol
complexed with DNA containing stable analogues of the abasic
sugar?® in which it was concluded that there was no obvious
structural basis for a significant depression of the pK of Lys72. In
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