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Photo-CIDNP Reveals Differences in Compaction of Non-Native States of
Lysozyme
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The structural investigation of non-native states of proteins is mononucleotide (FMN) is used here to generate short-lived radical
difficult due to their dynamic properties, but nuclear magnetic pairs with the tryptophan side chains, which finally leads to
resonance (NMR) spectroscopy has played a key role in identifying significant polarizations of the aromatic nuclei.
long-range interactions for a number of non-native states of proteins  The 2D CIDNP spectra of the tryptophan indole region of both
(reviewed iR). The protein hen egg white lysozyme (HEWL) has 15N enriched all-Ala-HEWL (Figure 1b) and the W62G mutant
been especially well characterizedNMR studies revealed that  thereof (Figure 1d) are compared to their respective stafHzidN-
clustering of hydrophobic residues occurs in HEWL even under HSQC spectra (Figure 1a and 2cJhe peak patterns of both the
strongly denaturing conditions and also in its reduced, cysteine-S- 2D 15N—1H HSQC and the CIDNP spectrum of the tryptophan
methylated and therefore disulfide-free forms (designated HEWL- indole region of hen egg white lysozyme unfolded in 10 M @rea
SMe or WT-8%¢) using a combination of NMR spectroscopy and  clearly look different from the respective spectra of all-Ala-HEWL.
site-directed mutagenesisMutations in non-native HEWL/® This might be due to the different temperature (318 K vs 303 K)
result in major structural differences compared to wild-type (WT- 5nd pH (3.6 vs 2.0) conditions as well as the presence of the
SY). Single-point mutations involving tryptophan induce significant - genaturant. However, in both studies only five peaks are visible
changes in long-range interactions as inferred ftelnR; relaxation for the six tryptophans as two of the signals overlap.
rates and_ overall_ proFein compactness as evidenced by a significant e individual tryptophan indole peaks in the CIDNP spectra
increase in the diffusion-derived hydrodynamic radi by 12% show a different intensity distribution than that in the HSQC spectra.
from WT-S% to W62G-3'.! Tryptophan residues therefore play  te ratios of CIDNP versus HSQC peak intensities (Figure 2) are
a key role in stabilizing nonrandom conformational properties in - oaqres for the relative solvent accessibility of the various

WT-S"e. ) tryptophans as they reflect the degree of the polarization transfer
Recently, we have developed an NMR method for the assignment s, the FMN molecules. This is reported in Figure 2, where the

of ;ndo;eTLgsonagrestr:n _trypt:_)phtgn S'fdet ChtamT Ofd gon-na_tw(le highest CIDNP/HSQC ratio, resulting from the combined W28/
proteins: This enavles the investigation of structuralana dynamicat 9 54 peak, is normalized to 1.0; the other ratios are scaled
properties on the level of the tryptophan side chains, which are the accordingly

key modulators of hydrophobic clustering and long-range interac- The ratio for W111 is only about half of the value for W28/

EZCZ' égézerzzgievéog;’ ;grﬁfev:L( dV:Sr;gQ;téndV;TI'_(X};L?\/;E' nﬁzs W123, and the other tryptophan residues also exhibit significantly
been introduced. This mutant exhibits very similar propertie’s as lower rf”‘“°s' This coincide§ with th_eir in.volvemen.t in hydrophobig
WT-SVe and therefore suits as a replacement for the S-methylated clustering and long-range interactions in non-native hen egg white
HEWL lysozyme. The tryptophans involved in the most pronounced clusters
Here, we investigate the relaxation properties of the tryptophan are W62d W§3b(de3|gnated clusttler 3),.and Wllli_ ((:]e5|gnated Cll uster
side chains and the changes in solvent accessibility of tryptophan 5_) as judged by Rtransvers_e re gxatlon analy |§',. e structura
residues measured in a chemically induced dynamic nuclear findings from solvent accessibility information obtained by the two-
polarization (CIDNP) experiment of wild-type and mutant lysozyme. dimensional photo-CIDNP studies therefore support the dynamical
data from earlier works. The CIDNP/HSQC ratio distribution in

Such additional information should be of importance for the TS
experimental test of information derived from molecular dynamics the W62G mutant of all-Ala-HEWL is different from that of the

simulations of non-native ensembles of proteirhoto-CIDNP all-Ala-HEWL: Only W111 shows a similar ratio, while the other
NMR spectroscogycan serve as a probe for the solvent accessibility ratios are significantly elevated, suggesting a similar solvent
of tryptophan side chains in all-Ala-HEWL and W62G-all-Ala- accessibility for all tryptophans in the W62G mutant but for W111.
HEWL. We compare the CIDNP effect of all-Ala-HEWL and the This is in accordance with mutational studies where it has been
mutant W62G-all-Ala-HEWL; the latter has been produced by site- Shown that the W62G mutation destroys most of the clustering in
directed mutagenesis from the all-Ala-HEWL gene. non-native lysozyme.

In the photo-CIDNP experiment, the relative solvent exposure  In addition, the assignment of the tryptophan indole side chains
of aromatic side chains can be probed by photochemically activatedin all-Ala-HEWL? permits the analysis 0PN heteronuclear R
sensitizers such as flavins, which influence NMR peak intensities. relaxation rates of the indole resonances in non-native lysozyme.
Limited resolution of one-dimensional photo-CIDNP spectra has These rates are recorded for all-Ala-HEWL and the W62G mutant
first been overcome by Lyon et al. with the development of a 2D- and are shown in Table.In agreement with the structural data
CIDNP experiment. The larger CIDNP enhancement &N from the photo-CIDNP experiments and the previously published
compared tdH is exploited in théN—'H 2D-CIDNP experiment, analysis of the backbone relaxation ratéke tryptophan residues
where the magnetization dfN nuclei is transferred in a single W62 and W63 exhibit significantly elevated, Rates in all-Ala-
reverse INEPT step and detected &d. Photoexcited flavin HEWL in contrast to the W62G mutant, where the rates of all
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Figure 1. (a)*H,'5N-HSQC spectrum of the tryptophan side chain indole
region of all-Ala-HEWL. (b) 2D-CIDNP spectrum of the same region. (c)
1H,15N-HSQC spectrum of the tryptophan side chain indole region of W62G-
all-Ala-HEWL. (d) 2D-CIDNP spectrum of the same region.
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Figure 2. Comparison of the CIDNP/HSQC normalized intensity ratios
of all-Ala-HEWL (open bars) and W62G-all-Ala-HEWL (dashed bars). (*)
The W28 and W123 peaks are coincident in all-Ala-HEWL and the W62G
mutant. (**) The W63 and W108 peaks are degenerated in W62G-all-Ala-
HEWL. Peak intensities have been used for resolution purposes; however,
integration of the resolved peaks yielded comparable results.

Table 1. 1°N R; Relaxation Rates for Tryptophan Side Chain
Indoles in all-Ala-HEWL and W62G-all-Ala-HEWL

all-Ala-HEWL? W62G-all-Ala-HEWL®
w28 2.3+0.1 2.0£0.1
W62 3.0£01
W63 3.1+ 0.1 2.2+0.1
W108 24+0.1 2.2+0.1
w111 2.6+0.1 24+0.1
W123 23+0.1 2.0+0.1

aAll rates in Hz.

tryptophans are similar. These two tryptophans are involved in the
most pronounced hydrophobic cluster in non-native lysozyme.
Interestingly, the W62G mutation neither influences the acces-
sibility of W111 to FMN nor changes the relaxation properties of
the backbone amide and side chain indéi nuclei. This indicates
that the cluster around W111 does not interact with the other
clusters, despite its sequential proximity to W108, and that either

these two tryptophans may be involved in two different clusters or
the mutations disrupt interactions of only some of the participating
side chains. The result of this study demonstrates the impact of the
combination of 2D-CIDNP methods with the assignment of
tryptophan side chains for structural studies of non-native states of
proteins. The solvent exposure of tryptophan side chains is a
valuable new parameter for the characterization of non-native
ensembles of proteins and could in combination with molecular
dynamics simulations provide a more precise view of the properties
of such states. At the same time, molecular dynamics simulations
will help answer the questions to what extent W111 and W108 are
involved in a single or in multiple clusters.
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K. The NMR samples contained 200 All-Ala-HEWL or W62G-all-
Ala-HEWL, respectively, 20uM FMN, and 10% DBO; the pH was
adjusted to 2.0. A CW argon ion laser emitting at 488/515 nm has been
used as a light source in a setup as described before. The output power of
the laser has been adjusted to 500 mW for the CIDNP experiments. Both
IH—15N-HSQC and®*N—'H-photo-CIDNP spectra have been recorded
with 2 scans and 64 increments in the indirect dimension at sweep widths
of 9766 Hz {H) and 355 Hz ¥N), respectively. The two-dimensional
photo-CIDNP experiments have been performed using a pulse sequence
as describedwith 50 ms laser pulses. The CIDNP/HSQC intensity ratios
have been calculated for every peak, and the highest value has been
normalized to 1.0. Errors for the peak intensities have been extracted from
the signal-to-noise ratio; the error bars for the CIDNP/HSQC ratios have
been calculated by error propagation from the intensity errors.

(10) The heteronucledPN R; relaxation investigations have been carried out
on a 600 MHz spectrometer equipped twé 5 mm?*H,13C 15N pulsed-
field z-gradient probe. NMR samples contained 500 protein and 10%
D,0 in deionized water with the pH value adjusted to 2.0. Heteronuclear
15N R, relaxation rates have been obtained by fitting peak intensities
measured as a function of relaxation delay (ranging from 17.1 to 307.2
ms) using a pseudo-3D variant of the standard Bruker pulse sequence at
a temperature of 293 K to a single-exponential decay. A two-parameter
single-exponential decay function has been used for the fitting with
SigmaPlot (Systat Software Inc.). Errors for the relaxation rates have been
extracted from the fits.
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