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Abstract In protein NMR experiments which employ
nonnative labeling, incomplete enrichment is often associ-
ated with inhomogeneous line broadening due to the pres-
ence of multiple labeled species. We investigate the merits
of fractional enrichment strategies using a monofluorinated
phenylalanine species, where resolution is dramatically
improved over that achieved by complete enrichment. In
NMR studies of calmodulin, a 148 residue calcium binding
protein, '’F and 'H-'>N HSQC spectra reveal a significant
extent of line broadening and the appearance of minor
conformers in the presence of complete (>95%) 3-fluoro-
phenylalanine labeling. The effects of varying levels of
enrichment of 3-fluorophenylalanine (i.e. between 3 and
>95%) were further studied by '°F and 'H-'>N HSQC
spectra,lSN T, and T, relaxation measurements, g T,
relaxation, translational diffusion and heat denaturation
experiments via circular dichroism. Our results show that
while several properties, including translational diffusion
and thermal stability show little variation between non-
fluorinated and >95% '°F labeled samples, "F and 'H-'5N
HSQC spectra show significant improvements in line widths
and resolution at or below 76% enrichment. Moreover, high
levels of fluorination (>80%) appear to increase protein
disorder as evidenced by backbone '°N dynamics. In this
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study, reasonable signal to noise can be achieved between
60-76% '°F enrichment, without any detectable perturba-
tions from labeling.
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Introduction

Fluorinated amino acids and amino acid analogues are
ubiquitously used to understand or manipulate the physical
properties of proteins (Akcay and Kumar 2009; Danielson
and Falke 1996; Geddes 2009). In the latter case, it is the
change in the physical and chemical properties of the
protein that are of interest. For example, fluorinated leucine
and valine are known to act as strong helix stabilizers
(Bilgicer et al. 2001) while both fluorinated aromatics and
aliphatics have been shown to stabilize the protein fold and
provide protection from heat-denaturation and proteolysis
(Tang et al. 2001; Woll et al. 2006). This stabilization is
attributed to the increased hydrophobicity of fluorocarbons
relative to hydrocarbons, and the preference for fluorine-
fluorine interactions, which are stronger than the classic
hydrophobic effect. In the majority of spectroscopic
applications, the goal is to observe the protein in its most
unadulterated form—that is, free from probe-induced
structural, functional or dynamic perturbations.

NMR and fluorescence studies of proteins often make
use of fluorinated amino acids which are generally assumed
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to be isosteric with their native counterparts. Such studies
may investigate binding (Anderluh et al. 2005; Broos et al.
2004; Luck and Falke 1991), catalysis (Quint et al. 2006;
Rozovsky et al. 2001) and folding or unfolding (Bann et al.
2002; Li and Frieden 2007; Schuler et al. 2002; Visser et al.
2009). Indeed, in the majority of applications the usual
mantra is that because the fluorine atom is less than 20%
larger than that of hydrogen there is little perturbation to be
concerned with, particularly when the substitution involves
mono-fluorinated amino acids. However, to strictly be able
to claim that there are no perturbations resulting from such
incorporation, a stringent series of functional and structural
investigations should be performed as a function of
enrichment of the fluorinated amino acid(s). Several
authors have observed probe-induced perturbations arising
from fluorinated aromatics to varying degrees (Duewel
et al. 2001; Luck and Falke 1991; Xiao et al. 1998), though
a systematic study of enrichment has to our knowledge not
been conducted. Although the van der Waals radius of the
fluorine atom is comparable to that of hydrogen, the
packing density of the protein hydrophobic core may
exceed 75% (Woolfson 2001), leaving little room for
modified aromatics. While there are many examples where
fluorinated residues do not perturb protein structure
(Campos-Olivas et al. 2002), some caution is warranted,
particularly in studies of intermediates or in situations
where the fluorine probes are concentrated in the protein
interior.

In '°F NMR studies of proteins, full enrichment is
desired to avoid multiple conformers and the predominance
of inhomogeneous line broadening. We show in this study
that exactly the opposite is the case; namely, lower
enrichment leads to substantially better spectra, with fewer
minor conformers and narrower line widths. Specifically,
we examine structural and dynamic perturbations arising
from biosynthetic labeling of calmodulin (CaM) with 3-
fluorophenylalanine (3-FPhe). We then explore the utility
of fractional labeling through the combined enrichment of
phenylalanine and 3-fluorophenylalanine, and the conse-
quences to NMR spectra as well as thermal stability of
CaM. Ideal labeling levels were achieved at or below 76%
random enrichment of 3-FPhe, where perturbations were
found to be minimal while NMR experimental time was
not significantly hampered.

Results and discussion

Full and fractional labeling of calmodulin: effects
on '"F NMR spectra

Calmodulin is a ubiquitous calcium sensor protein which
binds and activates a variety of enzymes in response to an
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increase in intracellular calcium levels (Hoeflich and Ikura
2002). CaM is a 148 residue, acidic protein organized into
two structurally similar calcium binding domains con-
nected by a flexible linker. Four calcium ions are coordi-
nated by a pair of canonical EF-hand motifs in each of the
N-terminal (residues 1-73) and C-terminal (83-148)
domains with pentagonal bipyramidal symmetry. Upon
calcium coordination a well-characterized conformational
transition occurs exposing hydrophobic patches in each
domain for protein binding (Crivici and Ikura 1995). There
are eight phenylalanine residues in Xenopus laevis CaM,
whose positions are indicated in the ribbon diagram rep-
resentation of the X-ray structure in Fig. 1a. These residues
(i.e. F12, F16, F19, F65, and F68 in the N-terminal domain
and F89, F92, and F141 in the C-terminal domain) are
highly conserved among species. Phenylalanine residues
contribute to the stabilization of the hydrophobic core and
have been implicated in peptide binding and activation
(Okano et al. 1998). CaM samples enriched with 3-FPhe at
3, 6, 60, 76, >80 and >95%, were prepared as described in
the Materials and Methods section, and the resulting 19
NMR spectra are shown in Fig. 1b. Resonance assignments
shown were determined in an earlier study (Kitevski-
Leblanc et al. 2010).

The enrichment levels, which were obtained using a
protocol described in the Materials and Methods section, do
not correlate well with the ratios of 3-FPhe to Phe added, in
the series of proteins examined. Although it is known that
an aminoacyl-tRNA synthetase will exhibit a preference for
the corresponding native amino acid, and that this prefer-
ence varies among, at least the aromatic amino acids (Luck
and Falke 1991), one would expect a trend in the fraction of
a fluorinated analogue added and the incorporation level
obtained. Higher concentrations of 3-FPhe might cause
significant stalling of protein translation, assuming tRNA
synthetase off rates of 3-FPhe and Phe are different,
unforeseen toxicity issues, solubility issues, or any number
of variables. If fractional labeling were to be attempted in
another system, a range of fluorinated amino acid to natural
amino acid ratios would need to be tested.

As shown in Fig. 1b, it is evident from the 1“F NMR
spectra that labeling levels greater than 80% result in sig-
nificant overlap of resonances, particularly of F12, F16 and
F89, and a great range of peak line widths as well as the
presence of additional minor conformers. The possibility
that the minor peaks observed correspond to unequal
populations of two conformations associated with 180°
rotation about the Cf-Cy bond of the 3-FPhe residues can
be addressed by comparison to fluorine spectra obtained
using a symmetric probe, such as 4-fluorophenylalanine,
which, from the perspective of the fluorine nucleus, would
not be expected to distinguish between these two confor-
mations of the aromatic ring. Indeed '°F 1D and 'H-'"N
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Fig. 1 a X-ray structure of A
calmodulin (PDB file 1CLL)
showing the location of the
eight phenylalanine residues.
b 'F NMR spectra of
calmodulin enriched with 3 to
>95% 3-FPhe. Peak
assignments were obtained
previously (Kitevski-Leblanc
et al. 2010)

HSQC spectra (Supplementary Figure S1 and S2) of CaM
labeled with >95% 4-fluorophenylalanine reveal a range of
peak line widths, additional minor conformers and chem-
ical shift perturbations, as observed with high levels of
3-FPhe labeling. Note that there does not appear to be any
single problematic residue from the perspective of enrich-
ment. Rather, both domains of CaM exhibit broadening and
multiple conformers and these cumulative perturbations
associated with enrichment of 3-fluorophenylalanine are
significantly attenuated at or below 76% enrichment. From
the perspective of spectral quality and experimental time, a
convenient enrichment level is on the order of 66%.

An obvious concern with partial labeling strategies is the
presence of multiple conformers, each corresponding to a
specific pattern of label incorporation. For '’F NMR in
particular, the presence of multiple conformations may
result in additional peaks producing complicated spectra, or
an increase in line widths due to inhomogeneous broad-
ening. Spectral line widths are characterized by homoge-
neous and inhomogeneous contributions arising from both
dynamics, slow exchange between spectroscopically dis-
tinct states, and to some extent, field inhomogeneities. To
characterize the inhomogeneous contribution to the
observed '°F line widths at various levels of '°F incorpo-
ration we compared '°F line widths to '’F transverse
relaxation (1/T,) rates. Contributions from inhomogeneity
in the magnetic field were kept nearly constant between
protein samples by comparing the line width of an internal
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standard where we assumed this contribution to be equal
among samples when the standard peak line width was
within 1 Hz between samples. The 1/T; and line width data
for each residue in the 76 and >95% labeled samples are
shown in Table 1. The data suggest that '°F line widths are
on average reduced by almost 50% under conditions of
fractional labeling. This is a significant point, as a reduc-
tion in peak widths by half translates to a potential \/ 2
increase in sensitivity and enhanced spectral resolution.
The origin of inhomogeneous line broadening is of
concern, particularly in situations where fractional labeling
strategies are employed. Assuming that inhomogeneous
line broadening arises primarily from the co-existence of
CaM species with randomly distributed fractional fluorine
enrichment, one would expect the greatest line widths to be
observed at ~50% fluorine labeling efficiency where there
are 2® equally probable species in solution. However, as
shown in Fig. 1, '°F line widths at 60% fluorine labeling
are very similar to those in all fractionally labeled samples
below 80%. Moreover, inhomogeneous broadening, which
might be expected to result from a multitude of '’F-labeled
states, is actually smaller at 76% than that seen at >95%
enrichment (i.e. A1/T,* is on average 76.4 vs. 170.3 Hz for
76 and >95% enrichment, respectively). Line widths are
independent of labeling efficiency between 3 and 76%
enrichment, suggesting that the existence of fractional
enrichment levels has little or no effect on line broadening.
Rather, the marked increase in both homogeneous and

@ Springer



116

J Biomol NMR (2010) 48:113-121

Table 1 '°F transverse relaxation data (1/T,), line widths (1/T,*) and
the difference [A(1/T>) = 1/T; — 1/T] for >95 and 76% fluorine
labeled calmodulin

Residue T, 571 UT5 (s A(1/T,)
>95%
12/16/89 90.3 £ 3.6 303.1 + 2.0 217.3 + 0.1
141 64.0 + 2.6 182.8 £2.0 96.82 + 0.1
68 602 + 1.9 156.4 + 2.0 96.1 + 0.1
65 679 + 1.9 293.9 £+ 2.0 225.96 + 0.1
19 69.1 + 5.31 302.7 £+ 2.0 213.63 + 0.1
92 60.5 + 6.1 136.7 + 2.0 76.2 + 0.1
76%
12 63.1+70 162.7 + 2.0 79.57 + 0.1
16 713 + 35 211.7 £ 2.0 140.43 £ 0.1
69 593 + 6.3 103.3 + 2.0 44.01 £+ 0.1
141 60.6 + 2.8 86.8 + 2.0 26.2 + 0.1
66 44.0 £ 3.0 136.8 &+ 2.0 92.33 4 0.1
66 44.0 £ 3.4 143.8 + 2.0 99.31 £ 0.1
19 60.5 + 4.2 87.3 + 2.0 26.73 £ 0.1
92 546+ 538 156.1 £ 2.0 101.51 £ 0.1

inhomogeneous broadening observed above 80% enrich-
ment is likely a result of intermediate and slow confor-
mational dynamics resulting from packing perturbations.

Effects on 'H-'N HSQC spectra and '’N dynamics

"H-">N HSQC spectra of non-fluorinated and fluorinated
versions of the protein are often compared as a qualitative
measure of structural perturbations originating from the
fluorinated amino acid probe. In general, spectral discrep-
ancies between non-labeled and labeled proteins are minor
and when assignments are available, they are largely
associated with residues in the vicinity of the fluorine
probe. An overlay of 'H-'>N HSQC spectra of 60% and
>95% 3-FPhe enriched CaM, each with an analogous
spectrum of the non-fluorinated protein are shown in
Fig. 2. It is immediately clear that the >95% 3-FPhe
enriched protein exhibits increased line widths, as well as
significant chemical shift perturbations, most of which are
absent in the 60% 3-FPhe enriched sample. The normalized
chemical shift perturbations for 6, 60 and >95% 1F
labeled 3-FPhe CaM are plotted as a function of residue in
Fig. 3a; and reveal moderate perturbations at low levels of
incorporation and dramatic perturbations at >95% '°F
labeling. In addition to the overall reduced spectral quality,
there are two distinct populations of several, well-resolved,
N-terminal residues (25, 28, 31, 33, 35, 37, 61, and 63) at
higher enrichment levels. An example is shown in the inset
of Fig. 2, which focuses on Gly-33. Spectra associated with
'9F labeling levels above 6% all exhibit an equilibrium
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between these two N-terminal conformations, which rep-
resent a native and nonnative state as evidenced by the
chemical shifts. The free energy associated with this
equilibrium at 37°C has been calculated for the relevant
labeling efficiencies and the results are collected in
Table 2. The data indicate that the nonnative N-terminal
conformation is favored only under conditions of full
(>95%) labeling, while levels of 60 or 76% '°F labeling
provide reasonably uniform samples with stabilities of
approximately 4 kT.

Spin-lattice (R;) and spin—spin (R,) relaxation rates of
backbone amide nitrogen atoms were measured for the 6,
60 and >95% '°F labeled CaM samples. The results are
plotted as the difference in a given rate from the non-
fluorinated protein for each assignable residue in Fig. 3b, c.
As expected, the general trend shows larger deviations
from the non-fluorinated protein for higher levels of '°F
labeling for both R; and R,. R; generally increases with
greater 3-FPhe enrichment, while R, values decrease.
Larger R, values and lower R, values are consistent with
an increase in fast (ps—ns) amide bond reorientations,
which may reflect an overall increase in the plasticity of the
protein. There is an exceptional increase in R, for leucine
39, as well as some less pronounced increases, predomi-
nantly in the N-terminal domain residues. Interestingly,
arginine 37 experiences a significant decrease in R,, while
nearby, leucine 39 is increased. In general, while we
observe moderately larger perturbations in the N-terminal
domain, the overall dynamics of the protein appear to be
increased at higher levels of fluorine labeling.

Estimates of rotational correlation times for the 6, 60 and
>95% proteins are shown in Table 2 and were determined
from R,/R; values as described previously, with care taken
to exclude residues based on evidence of chemical
exchange and low NOE values (Kay et al. 1989). Previous
studies of calmodulin have established that the two termini
effectively reorient independently in solution, with esti-
mates of anisotropic reorientation (10-15%) (Barbato et al.
1992) being much lower than predicted from the barbell-
like crystal structure. Thus, we report correlation times for
each domain individually, as even at >95% labeling, cor-
relation times plotted per residue suggest two independent
correlation times corresponding to residues in the N and
C-termini (data not shown). Generally, the global correla-
tion time decreases with increased 3-FPhe enrichment, with
a greater difference observed for the N-terminal domain.
The higher degree of structural and dynamic perturbations
observed for the N-terminal domain is consistent with the
effects of fluorine being cumulative, as the N-terminal
domain has five phenylalanine residues, while the
C-terminal domain has only three.

A decrease in the overall correlation time resulting from
>95% 3-FPhe enrichment could result from either increased
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Fig. 2 'H-5N HSQC spectra of 0% 3-FPhe enriched CaM (black) overlaid with analogous spectra of 60% 3-FPhe CaM (blue) and >95%

3-FPhe CaM (grey). Spectra were collected at 37°C

disorder throughout the protein or a decrease in the hydro-
dynamic radius of the protein. To confirm that fluorination
does not somehow lead to a smaller hydrodynamic radius and
thus, faster tumbling, the translational diffusion coefficients
of non-fluorinated and >95% '°F-enriched CaM were mea-
sured. The diffusion coefficients for 0 and >95% CaM are
1.85 £ 0.03 x 107" m%s and 1.83 £ 0.03 x 107'" m%s,
and relying on the Stokes—Einstein diffusion equation, the
corresponding radii of hydration are 17.80 £ 0.08 and
17.95 £ 0.13 A, respectively. These values are somewhat
lower than those obtained previously (~ 24 A) (Weljie et al.
2003), which is likely due to differences in experimental
conditions including pH, ionic strength and temperature. The
radii of hydration obtained for non—and >95% labeled CaM
are identical, within the experimental error, and indicate that
the average size of the molecules in solution are the same.
Taken together, the TH-15N HSQC spectra, relaxation rates
and translational diffusion data suggest that increased

3-FPhe enrichment results in greater protein flexibility or
plasticity, which is manifested as high frequency low
amplitude reorientations of the backbone, and an additional
slow exchange process between a native and nonnative
conformation, involving residues in the N-terminal domain
(Jarymowycz and Stone 2006). The presence of multiple
minor conformers, observed in the 19F NMR spectra above
80% 3-FPhe enrichment, also supports the notion of slow or
intermediate conformational exchange, resulting from the
fluorine labels.

Thermal stability of fully and fractionally 3-FPhe
labeled CaM

In light of the significant structural and dynamic pertur-
bations observed in CaM with >80% fluorine incorpora-
tion, the effect on the overall thermal stability at various
labeling levels was assessed using thermal denaturation
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Fig. 3 a A histogram of the weighted average of chemical shift
perturbations resulting from fluorine incorporation in calmodulin as a
function of residue. Shift perturbations were calculated as a weighted
average of shifts in both the 'H and >N dimensions [Ad =

\/(Aé(lH))2 +0.2(A5(15N))?. Histograms comparing the difference

in >N R, (b) and >N R, (¢) values for 0% '°F labeled calmodulin
with 6, 60 and >95% 19F labeled calmodulin as a function of residue

monitored by CD spectroscopy. Temperature denaturation
experiments were carried out using samples prepared in the
calcium-free state due to the very high thermal stability of
calcium loaded calmodulin (Masino et al. 2000). The
melting temperature of apo-CaM samples with 0, 60, 76,
and >95% fluorine incorporation were determined to be
50.8 £ 0.2, 50.5 £ 0.2, 50.0 + 0.2, 50.7 £ 0.2°C respec-
tively. Although we observe significant changes in our
NMR spectra, the overall thermal stability of the proteins
are essentially unchanged, within the experimental error.
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Table 2 Free energy (AG) associated with the conformational
exchange between a native and nonnative conformation and overall
correlation times (t.) for various levels of fluorine enrichment of
calmodulin

13F enrichment AG 7. (ns)

(%) (kJ/mol) - -
N-Terminal C-Terminal
domain domain

- 64+ 0.6 72+ 0.6

6 - 83 +£0.5 7.0+ 0.6

60 13.4 8.0+ 0.6 6.8 + 0.6

76 8.1 - -

>80 0.3 - -

>95 —4.5 7.1 £0.8 6.5+ 0.5

Conclusions

We demonstrate a fractional fluorine labeling strategy
using 3-FPhe CaM which significantly improves '°F and
'"H-"N HSQC spectral quality. An optimal balance
between NMR signal to noise and spectral quality was
found to be at 60-76% enrichment of the fluorinated spe-
cies. The strategy utilizes biosynthetic protein expression
protocols, where the fluorine label is added as a mixture
with its native counterpart to affect various levels of fluo-
rine enrichment. Spectral resolution was drastically
improved in 'F NMR spectra, where all 8 peaks were
resolved in fractionally labeled samples, compared to 6 in
fully labeled CaM. In addition, peak line widths were
reduced on average by half, and minor conformers previ-
ously observed in fully labeled 3-FPhe CaM were absent.
'H->'N HSQC spectra also displayed significantly
improved line widths as well as a reduction in chemical
shift perturbations. High levels of fluorine incorporation
were found to increase the fast timescale dynamics and
overall protein disorder as evidenced by '°N relaxation
experiments and diffusion measurements. It is somewhat
surprising that diffusion measurements, calcium binding
experiments and thermal denaturation experiments reveal
no discernible difference between the unfluorinated and
fully 3-FPhe enriched versions of CaM. Many global
properties of the protein appear to remain unchanged upon
labeling. In contrast, 15N,lH and in particular, 19F NMR
reveal a pronounced effect of fluorination which we attri-
bute to protein plasticity and increased disorder. Generally,
fractional '°F-labeling retains native protein structural and
dynamic characteristics, while offering the usual advanta-
ges of '°F probes in biomolecular NMR.

It is difficult to predict the generality of these results in
terms of the benefits of fractional labeling in the case of
protein expression with fluoroaromatics. The prevalence of
tryptophans in most proteins is on the order of 1.1%, while
that of tyrosine and phenylalanine is significantly higher
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(on the order of 3.5% where variations of a factor of 2-3
are common in the protein database). In our hands, we have
never observed substantial perturbations in 'H-'"N HSQCs
resulting from 5-fluorotryptophan incorporation, in several
proteins, while we have observed substantial perturbations
with fluorotyrosine and fluorophenylalanine incorporation.
Moreover, since Phe is predominantly situated in the
hydrophobic core of soluble proteins, it is more likely that
Phe residues may be clustered, and that cumulative effects
from fluoro-Phe enrichment would be destabilizing. Even
in our study of CaM, we could not identify any '’F-'°F
NOE:s, suggesting that cumulative perturbations were not
the result of direct Phe—Phe interactions. Finally, in many
studies where single Phe residues were replaced with Tyr
(and vice versa) for purposes of assignment, gross pertur-
bations in the '"F NMR spectra were observed. Thus,
subtle changes commonly have a profound effect on
overall protein structure and stability. Therefore, we cannot
for certain argue the generality of our observations except
to say that in cases where enrichment of a given fluoroa-
romatic results in poor NMR spectra or functional assays
indicative of reduced stability, fractional enrichment may
dramatically improve prospects.

Materials and methods
Protein expression and purification

Preparation of Xenopus laevis CaM (residues 1-148) uni-
formly enriched with "N and p/L-3-fluorophenylalanine
was performed using heterologous expression techniques as
previously described (Kitevski-LeBlanc et al. 2009) with
modifications at the time of induction to achieve fractional
labeling. All chemicals used in protein sample preparation
and were obtained from Sigma—-Aldrich (Oakville ON,
Canada). In general, full (>95%) 3-FPhe labeling is
achieved by the addition of 1 g/L of glyphosate with 70 mg/L
D/L-tryptophan and 70 mg/L of p/L-tyrosine at an ODgog nm
= 0.8. After 1 h, cell cultures typically reach an OD¢yo nm
= 1.0, at which point 35 mg/L of p/L-3-fluorophenylalanine
is added followed by agitation and induction of target
protein expression using IPTG. Fractional labeling was
achieved by adjusting the ratio of b/L-3-fluorophenylalanine
to p/L-phenylalanine added prior to induction. For example,
3% 3-FPhe enriched calmodulin requires 25% b/L-3-fluo-
rophenylalanine (i.e. 8.75 mg of p/L-3-fluorophenylalanine
and 26.25 mg p/L-phenylalanine). Calmodulin samples
corresponding to 6, 60, 76 and >80% incorporation of the
fluorinated amino acid required 50% 3-FPhe, 75% 3-FPhe,
85% 3-FPhe, and 98% 3-FPhe enrichment of the total
phenylalanine supplied to the media, respectively. The
p/L-3-fluorophenylalanine and p/L-phenylalanine mixtures

are suspended in a minimal volume of M9 media (but not
fully dissolved) immediately prior to addition to shaking
cultures. Expression cultures are then agitated until the
added amino acids are fully dissolved (<5 min) prior to the
addition of IPTG. Samples for NMR were exchanged into
10 mM BIS-TRIS, 0.1 M KCI, 9 mM CaCl,, 0.2% NaNj3;
buffer adjusted to pH 8. Samples used for NMR also con-
tained 50 pM Dp/L-4-fluorophenylalanine as an internal
standard for referencing and determination of effective
fluorinated protein concentration from 'F NMR
experiments.

Fluorine enrichment levels were carefully determined in
two steps. First by integration of '°’F NMR signal of the
3-FPhe enriched protein, relative to a 50 uM b/L-4-fluoro-
phenylalanine internal standard, we obtain an effective
fluorine labeled protein concentration. Then, the total pro-
tein concentration in a given NMR sample was determined
using the bicinchoninic acid (BCA) protein assay kit
(Sigma—Aldrich, Oakville, Ontario, Canada). Enrichment
levels were then obtained by taking the ratio of the effective
fluorine labeled protein concentration (from integration of
9F NMR) to the total protein concentration (from the BCA
protein assay). The estimation of labeling levels using this
method is difficult above 76% enrichment due to the effects
of inhomogeneous broadening and the presence of minor
conformers, which are more difficult to reliably integrate in
the 'F NMR spectra. Determination of '9F enrichment in
fully labeled CaM samples also suffer from line broadening
and multiple conformers. However, such samples are esti-
mated to be at least 95% labeled based on the standard
deviation of the noise in the corresponding 'H-'"N HSQC
spectra, which lack cross-peaks arising from fluorinated
phenylalanine residues. Although mass spectrometry has
been used successfully in previous studies to obtain quan-
titative estimates of fluorine enrichment, we were unable to
find conditions which provided a CaM sample amenable to
quantification of labeling levels using this approach.

NMR experiments

NMR experiments were performed on a 600 MHz Varian
Inova spectrometer (Agilent Technologies, Santa Clara,
CA) equipped with a 5 mm HCN/FCN triple resonance
single gradient salt tolerant cryogenic probe. All NMR
samples were approximately 1-1.5 mM in concentration
and were maintained at 37°C. 'H-'>N HSQC, 5N spin—
lattice (T) relaxation times, and transverse (T,) relaxation
time were measured using pulse programs obtained from
Biopack software (Agilent Technologies, Santa Clara, CA)
and were collected in 8 scans with 80 increments spanning
2,000 Hz in the indirect dimension. Typical pulse widths for
'H and "°N were 9.2 and 39.5 ps respectively. °N spin—
lattice (T;) and transverse (T,) time constants were
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measured using 7 relaxation delays ranging from 0.01 to
0.8 sand 0.01 to 0.13 s respectively. Peak volumes were fit
to a single exponential decay function with average standard
errorof 1.7,1.5,1.1and 2.2% (1.1, 1.1, 1.1, and 1.8%) for T,
(T,) data associated with 0, 6, 60 and >95% enrichment
respectively. '"N-{'H} steady-state NOEs were measured
by collecting spectra in the presence and absence of a 2.5 ms
mixing time. NOE values were determined as the ratios of
peak intensities measured from spectra with and without
proton irradiation and the uncertainty in peak heights were
given by the standard deviation of the baseplane noise in the
spectra. Uncertainties of the NOE values were obtained by
propagating the peak height uncertainty (Nicholson et al.
1992). Diffusion experiments were performed at 37°C using
a one-dimensional version of the BPPSTE HSQC as
described previously (Rajagopalan et al. 2004). Gradient
pulse amplitudes were calibrated from the known diffusion
coefficient of HDO at 25°C (Holz and Weingartner 1991).
Fifteen gradient amplitude experiments were acquired for
each data set with gradient strength varied from 6% to 92%
of its maximum power, and all other experimental parame-
ters held constant. Gradient pulses were applied for 2 ms
with a recovery time of 0.2 ms, and diffusion delay of
36.8 ms, affording a total signal decay of ~90%. Spectra
were processed using VnmrJ and peak heights were obtained
with the peak deconvolution program “fitspec”. Diffusion
coefficients were obtained from the slope of the natural
logarithm of normalized peak intensity plotted against the
corresponding square of the gradient strengths, and con-
verted to radius of hydration using the Stokes—Einstein
equation and the density of pure water (Altieri et al. 1995).
'“F NMR experiments were collected using a repetition time
of 1.5 s, a spectral width of 8,000 Hz and a typical pulse
width of 14 ps. The number of transients used to achieve
sufficient signal varied among the fractionally labeled
samples, from 30,720 for a 3% 3-FPhe enriched sample, to
1024 for samples with >80% fluorine enrichment. '°F
transverse (T,) relaxation times were measured using a Hahn
echo sequence (90°-1-180°-7) employing 9 t values ranging
from 0.8 to 11.2 ms. '°F line widths were estimated from '°F
NMR spectra where inhomogeneous magnetic field contri-
butions were deemed constant among samples when the line
width of the internal standard (p/L-4-fluorophenylalanine)
was within 1 Hz between samples. All NMR data was pro-
cessed using NMRPipe/NMRDraw (Delaglio et al. 1995)
and analyzed with NMRView (Johnson and Blevins 1994)
unless stated otherwise.

Circular dichroism spectroscopy and thermal
denaturation

Thermal stability of 0, 60, 76 and >95% 3-FPhe labeled
CaM were measured under calcium free conditions, due to

@ Springer

the high thermal stability of calcium saturated calmodulin.
Preparation of apo-calmodulin samples was performed as
described elsewhere (Kitevski-LeBlanc et al. 2009). Far
UV CD spectra were acquired on an Aviv CD spectrometer
model 62DS at 25°C. Spectra of 10-20 uM protein, in
0.1 M KCI and 20 mM Tris buffer adjusted to pH 8, were
collected from 195 to 260 nm (path length, 0.1 cm; steps,
1 nm; bandwidth, 1 nm; and averaging time 12 s). Thermal
denaturation experiments were performed by measuring
ellipticity at 222 nm from 15 to 85°C at a rate of 1°C/min.
Reversibility of thermal denaturation was assessed to be
>90% following cooling to 15°C at a rate of 1°C/min.
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