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Evaluating the Potential of Fluorinated Tyrosines as Spectroscopic Probes of Local
Protein Environments: A UV Resonance Raman Study
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ABSTRACT. Ultraviolet resonance Raman (UVRR) studies designed to test the utility of fluorinated tyrosines

as spectroscopic probes of the local environment are presented. Specifically, resonance Raman spectra of
2-fluoro-tyrosine and 3-fluora-tyrosine (3-¥) obtained with 229 nm excitation are reported. In contrast

to the modest environmental dependence of the tyrosine resonance Raman spectrum, the spectrum of
3-Y;is found to be extremely dependent on the hydrogen bonding strength of the surrounding environment.
Preliminary ab initio studies suggest that this behavior is due to normal modes having dominant
contributions from the C-OH and C-F internal coordinates. Hydrogen bonding to the solvent perturbs the
internal coordinate energetics and/or couplings, thereby altering the character of the normal modes and
the corresponding transition frequencies and/or intensities. In addition to the solvent studies,s&er
specifically incorporated into the influenza hemagglutinin (HA) £Q07 peptide which binds to the Fv
fragment of the 17/9 anti-HA(98108) peptide antibody. These studies demonstrate that the spectrum of
3-Y; can be monitored in the presence of native tyrosine. In summary, the studies presented here demonstrate
that 3-Y; holds exceptional promise as a probe of the protein environment.

The ability of vibrational spectroscopies to provide both of thevg, mode of tyrosine has been demonstrated to undergo
structural and dynamical information about proteins with a subtle change in frequency with an alteration in inter-
residue specific detail has been recognized for some time.molecular hydrogen bonding streng@0( 23). In addition,

In these techniques, vibrational transitions localized on the relative intensities of the “Fermi doublet” of tyrosine,
individual residues or transitions corresponding to modes two transitions located at 832 and 852 ¢inhave been
delocalized over numerous residues are monitored as aproposed to undergo a significant evolution in intensity with
function of perturbation (ligand binding, pH jump, protein a change in local hydrophobicit27). UVRR spectroscopy
unfolding, etc.) to study structural evolution. Infrared (IR) has also proven to be extremely versatile. For example,
absorption and Raman scattering techniques have beerevolution in the Fermi doublet region of the tyrosine
developed to monitor the structural dynamics of proteins, spectrum has been used to study assembly of Ff virid8s (
and many excellent reviews of these areas are availdble ( The environmental sensitivity of the resonance Raman
5). Although recent advances have been made in thespectrum has been used to investigate protein structural
application of vibrational spectroscopic techniques to large evolution following CO dissociation from hemoglobih§
biological systems, efforts to provide residue specific 20, 25). Finally, the UVRR spectrum of tryptophan has been
information have involved ultraviolet resonance Raman used to monitor conformational dynamics in tyrosine phos-
(UVRR) spectroscopy of the aromatic amino acids (tyrosine, phatases29).

tryptophan, and phenylalaningg26). These residues are Although UVRR spectroscopy has undergone significant
attractive targets for UVRR studies due to the presence ofdevelopment in the past two decades, there are two main
relatively accessible absorption bands in the ultraviolet issues that continue to limit the applicability of this tech-
providing the opportunity for resonant enhancement. It was nique: spectral overlap and spectral sensitivity. The issue
recognized early on that the different locations of the of spectral overlap arises from the fact that all residues of a
chromophore absorption bands allow for selective enhance-given type will contribute to the resonance Raman spectrum.
ment of a given residue type. For example, 229 nm excitation Frequently, the single residue or handful of residues expe-
has been shown to selectively enhance tyrosine scatteringiencing a perturbation-induced evolution in environment will
(22). In addition, the frequencies and intensities of specific demonstrate spectral changes that must be studied in the
Raman-active tyrosine and tryptophan vibrational modes arepresence of scattering from other environmentally invariant
known to be sensitive to the environment. In tryptophan, the residues. Furthermore, the “background” associated with the
W, and W, modes show an increase in frequency with an environmentally invariant residues is expected to increase
increase in hydrogen-bonding strengith)( The frequency  with the size of the biological system of interest. Finally,
many of the aromaticamino acid transitions overlap to a
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Chart 1 EXPERIMENTAL PROCEDURES
NH{_COr NHa ﬁco" NH”*\CﬁCOZ' Resonance Raman Spectroscoplge resonance Raman
A g l spectrometer used in these studies is described in detail

CH, CH2 CH,

. elsewhere34); therefore, only a brief description is presented
©/ here. Raman spectra were obtained with 229 nm excitation
o on F obtained from the hydrog.en—shifted output from a 30 H_z Nd:
OH YAG laser (Spectra Physics model GCR-170). The excitation
I-tyrosine (Y)  2-fluoro-I-tyrosine (2Y;)  3-fluoro-I-tyrosine (3Yy) light was weakly focused onto a flowing jet of the sample,
and the flow rate was sufficient to sweep out the illuminated
g_ Q g_NH é‘? volume between laser shots. It has been recognized that one
CH{’ NH\cﬁc\OMe CHy(CH){" Ncfi  NH(CH)5CH, must employ modest excitation energies when acquiring
(I;H <|:H2 resonance Raman spectra of aromatic amino acids to
2 minimize photoalteration 10—12, 21). Power-dependent
© studies were performed, and the observed intensities varied
on OH linearly with incident pulse energy _under the conditions_ that
N-Ace-Y-Me N-Hox-Y-Hex were employed (1@J/pulse excitation). The scattered light

was collected employing a back-scattering geometry using
éstandard UV-quality refractive optics, and delivered to a 0.75
m spectrograph (Acton) coupled to a liquid nitrogen-cooled,
back-illuminated CCD multichannel detector (Princeton

Instruments). Holographic gratings with ruled densities of
3600 and 2400 g/mm were employed. Slit widths ofurb

Raman spectrum can be extremely modest, placing sever
demands on the signal-to-noise ratio necessary to monitor
the spectral evolution of interest.

To address these limitations, we have initiated a series of
studies in which non-natural amino acids are investigated o X
as potential probes for UVRR studies of local protein were e”?p."?yed prov[d.mg for 4 C.Tﬁ resolutlo?l. The
environment. In particular, we are interested in developing reprodumbllllty of tran§|t|on freq_ue.nmes wa§1 e
and employing fluorinated analogues of the aromatic amino  Computational Studie§o assist in the assignment of the
acids as such probes. Fluorinated amino acids have foundnfrared and Raman transitions, a computational analysis
wide application if'F NMR studies of protein structure and  designed to predict the normal coordinates of 2-fluoro-4-
dynamics 80, 31). The van der Waals radius of fluorine (1.35 Methylphenol, a model compound for 3-fluardyrosine (3-

R) is similar to that of hydrogen (1.2 A), so the steric Ys), was pgrformed. All calculla'qons were perf_ormed using
perturbation introduced by fluorine substitution is minimal, the Gaussian 98 program, revision A.7 (Gaussian, 188)) (

In addition, biological functionality is generally maintained Both density functional theory (DFT) and Hartreock
following the incorporation of fluorinated amino acids into (HF) methods were employed. The B3-LYP exchange
proteins B0). Therefore, these probes provide a unique correlation funptlon_al has been shown to accurate_ly reprqduce
opportunity to further the application of UVRR in studies ground state V|b_rat|onal frequenC|e§; therefore, this functional
of protein structure while preserving biological functionality. Was employed in the DFT calculatiori36-38). Both DFT

In this paper, we present a series of studies designed toand HF'caIcuIanons were .|n|t|ated with the 6-31G* ba§|s
ascertain the utility of fluorinated tyrosines as UVRR probes Set: Typical computational times ranged from 6 to 15 h using
of local environment. The structures of tyrosine and its DFT, and from 3 to 10 h using HF.
fluorinated analogues are presented in Chart 1. Using Materials All reagents were obtained from Aldrich except
excitation at 229 nm, we report the first resonance Raman for 2-fluoro--tyrosine (2-¥) and 3-¥, which were obtained
spectrum of 2-fluora—tyrosine and 3-fluora-tyrosine (3-  from TCI (Portland, OR)L-Tyrosine (Aldrich 99.9% purity)

Y1). The spectrum of these residues is markedly different was recrystallized twice before being used, and 2nd 3-¥%
relative to that of native tyrosine, allowing for facile (TCI)were used as received. All solvents that were employed
identification of the spectrum of the fluorinated residue. We were spectrophotometric grade. Phosphate-buffered saline
present a series of experiments that compare the sensitivit(PBS, 150 mM NaCl and 10 mM sodium phosphate) was
of the tyrosine and 3-Ytesonance Raman spectra to the local buffered to pH 7.4 and then filtered.

environment. Consistent with earlier studies, the resonance Synthesis of Functionalized Tyrosineghe N-acetyl-
Raman spectrum of tyrosine is shown to demonstrate tyrosine methyl estersNcAce-Y-Me in Chart 1) were
extremely subtle evolution as the hydrogen bonding strength prepared by the addition of 2 equiv of acetic anhydride to a
of the solvent is modified. In contrast, dramatic evolution is stirred solution of tyrosine or 3+Yn 1 M NaOH. After 10
observed for the 3-¥spectrum, demonstrating that this min, a solution containing excess hydroxylamine was added
residue provides an extremely sensitive measure of the localto cleave any tyrosine phenoxyacetate. The residue obtained
environment. Finally, to test the utility of 3:¥h a biological from an ethyl acetate extraction of the acidified reaction
system, we have site specifically incorporated this residue mixture was dissolved in methanol. An excess of diazo-
into the influenza hemagglutinin (HA) 16007 peptide methane in ether was then added at@ The product, a
which binds to the Fv fragment of the 17/9 anti-HA(98  waxy solid, was isolated using silica gel chromatography with
108) peptide antibody3@, 33). The peptide spectra dem- 15% ethyl acetate in hexane. ThéhexanoylN-hexyl-
onstrate that scattering from 3-¥an be isolated and studied tyrosine amidesN-Hex-Y-Hex in Chart 1) were prepared

in the presence of native tyrosine. In summary, the results by the addition of 2 equiv of hexanoyl chloride to a stirred
presented here demonstrate that:3lds great promise as  solution of tyrosine or 3-¥in 1 M NaOH. After 10 min, a

a probe of local environment. solution containing excess hydroxylamine was added to
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Ficure 1: Electronic absorption spectraisfyrosine ), 2-fluoro-
L-tyrosine < — —), and 3-fluorot-tyrosine (----—) obtained in
PBS buffer (pH 7.4). The spectrum oftyrosine is in agreement Energy (cm-1)
with previous studies2?). The excitation wavelength employed 9y
in this study (229 nm) is indicated. FiGURE 2: Resonance Raman spectra of 3-fluortyrosine,
2-fluoro-_-tyrosine, and -tyrosine dissolved in PBS buffer (pH 7.4).
cleave any tyrosine phenoxyhexanoate. The residue obtainedpectra were obtained with 229 nm excitation.
from an ethyl acetate extraction of an acidified reaction z.e evident. The absorption spectra of the fluorinated
mixture was dissolved in dimethylformamide, and a 4-fold  yeriyatives are similar to that of Y, suggesting the character
excess of hexylamine, 1-hydroxybenzotriazole (HOBY), qf the electronic transitions is not severely perturbed by
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-  jorine substitution. However, subtle shifts in the absorption
fluorophosphate (HBTU), and diisopropylethylamine (DIEA)  gpecira are observed, with the maximum of théransitions
were added. After 1 h, the reaction mixture was injected decreasing to 219 1 nm for both derivatives, and the
onto a preparative scale HPLC system (reverse phase, C18)yaximum of the I transitions decreasing to 223 1 and
and the product was isolated from an acetonitrile/water 70+ 1 nm for 2-Y; and 3-Y, respectively. In addition, the
gradient. _ absorption intensity for 3-Ybetween 235 and 260 nm has
Preparation of 2-Fluoro-4-methylphendh brief, 2-fluoro- increased substantially relative to that of Y.

5-methoxyaniline was treated with 1 equiv of sodium nitrite Resonance Raman Spectfigure 2 presents resonance
in a 48% fluoroboric acid solution at . The diazonium Raman spectra of Y, 2Y and 3-¥ dissolved in PBS
fluoroborate salt that precipitated from the reaction mixture p ter (pH 7.4) obtained with 229 nm excitation. Since
was thermally decomposed at 10& for 4 h, and the  he flyorescence from these species occurs at wavelengths
resulting 3-fluoro-4-methoxytoluene was _|solated by silica of >280 nm @9), the contribution of fluorescence to the
gel chromatography (1:1 ether/hexane mixture). The meth- packground observed at this excitation wavelength is mini-
oxytoluene product was refluxed in concentrated HBr g Figure 2 demonstrates that significant differences exist
overnight, and the crude phenol obtained from an agueouspyetween the resonance Raman spectra of Y and the fluo-
workup was purified by silica gel chromatography (ether). (inated analogues of Y. To address the origin of these
All compounds were characterized by electrospray mass gjfferences, it is informative to start with the native chro-
spectrometry anéH NMR. The purity ¢&95%) was assessed  mophore itself. The pattern of intensities observed in the
by analytical HPLC andH NMR. , resonance Raman spectrum otyrosine within the ap-
Preparation of a 3-¥Labeled Peptide FragmenfThe  roximate C,, symmetry of this chromophore has been
hemagglutinin 106-107 peptide (YDVPDYAS) was syn-  extensively discussedl(, 11, 22). Excitation at 229 nm
thesized on Rink amide resin using standard Fmoc chemistryaq its in the enhancement of modes associated with the
(DIEA and HOBt/HBTU). After cleavage with 5% thioani- phenolic side chain of tyrosine. The 832 and 852 &m
sole in trifluoroacetic acid, the crude peptide was purified modes, commonly termed the Fermi doublet, contain con-
by reverse phase chromatography (C18, acetonitrile/wateriiputions from ring breathingif) and the overtone of an
gradient). The Fmoc-3-fluorotyrosine was prepared by the out-of-plane ring deformation mode@). The 1180 and
reaction of 3-¥ with FmocN-hydroxysuccinimide in a 1208 cnt! modes of Y are dominated by in-plane-&
solution of 10% sodium bicarbonate (pH 8.5) for 48 h. The bending and ringC stretching, respectively. FinaIIy, the
solution was filtered, acidified, and then extracted with ethyl {5nsitions at 16001%,) and 1618 cml (vgy) are assigned to
acetate. The Fmoc-3rYwas then isolated by silica gel jn_plane ring stretching. Accompanying fluorine substitution,
chromatography (1:1 methanol/dichloromethane mixture). e approximate symmetry of the chromophore and internal
RESULTS coordinate couplings are altered, resulting in a more complex
pattern of scattered intensity. However, certain spectroscopic
Absorption SpectraFigure 1 presents the electronic features reminiscent of Y remain intact for the fluorinated
absorption spectrum af-tyrosine (Y), 2-fluorot-tyrosine analogues. For example, both derivatives demonstrate in-
(2-Y), and 3-fluoroe-tyrosine (3-¥). In the spectrum of Y, tensity at~1600 cn? like the vg, and gy transitions of Y.
the Ly (Amax = 222 nm) and k (Amax = 275 nm) transitions  In addition, 3-¥ exhibits a doublet at 933 and 953 thn

1 1 1 1
800 1200 1600 2000
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FiGure 3: Resonance Raman spectra of nativgyrosine and Energy (cm-1)

N-acetyltyrosine methyl esterN¢Ace-Y-Me), a functionalized .
tyrosine (Chart 1). The compounds were dissolved in PBS buffer FIGURE 4. Solvent dependence of the resonance Raman spectra of

(pH 7.4), and the spectra were acquired with 229 nm excitation. native and functionalized tyrosines. Data were obtained with 229
This figure demonstrates that the resonance Raman spectra ar@M €xcitation. Native tyrosine was investigated in PBS buffer and
essentially identical such that functionalization has no apparent Methanol (MeOH). The functionalized tyrosiheAce-Y-Me was

effect on the behavior of the phenolic side chain gfrosine. investigated in PBS, methanol, acetonitrile (Acn), tetrahydrofuran
(THF), and chloroform (CHG). Finally, the spectrum oR-Hex-

that resembles the Eermi resonance in the native chromo-Y-Hex was obtained in acetonitrile, chloroform, and cyclohexane
. : . . (CXN). Spectra for two different compounds in the same solvent
phore. This assignment is supported by the existence of Avere identical within the signal-to-noise ratio. This figure demon-

Fermi doublet ino-methyl-substituted tyrosin€{). Assign-  sirates that the resonance Raman spectrum of tyrosine obtained at
ments for other vibrational modes are discussed in detail this excitation wavelength is modestly sensitive to changes in the
below. surrounding environment. Asterisks denote features arising from

Sobent-Dependent StudiesThe sensitivity of the Y the subtraction of scattered intensity due to the solvent.

resonance Raman spectrum to the environment has been
investigated, and the frequency of thg, mode has been  Raman spectrum at this excitation wavelength, invariance
demonstrated to correlate with the hydrogen bonding strengthof the spectrum to functionalization is anticipated. Therefore,
of the environment 23). Using p-cresol as a model for this control experiment demonstrates that the properties of
tyrosine, the frequency of theg, mode was found to undergo  the phenolic group are indeed unaltered with functionaliza-
a subtle decrease in frequency with an increase in hydrogention.
bonding strength in three aprotic solvents (acetone, diethyl The environmental dependence of the Y resonance Raman
ether, and triethylamine). In these studies, a change in thespectrum as well as the spectrum of the functionalized
hydrogen bonding enthalpy of 5 kcal/mol was predicted to tyrosines was determined by obtaining the spectra of these
result in a relatively modest4.5 cn? frequency shift of compounds in a variety of solvents as presented in Figure
the v g, transition @3). In addition to this transition, the 4. Specifically, spectra were obtained in PBS for Y and
relative intensities of the Fermi doublet have also been N-Ace-Y-Me, in methanol for Y andN-Ace-Y-Me, in
observed to be sensitive to the environment. Specifically, acetonitrile forN-Ace-Y-Me andN-Hex-Y-Hex, in tetra-
the intensity ratio of this doublet, definedlas/lss» changes  hydrofuran foN-Ac-Y-Me, in chloroform forN-Hex-Y-Hex,
from 10:4 in environments where the phenolic oxygen serves and in cyclohexane foN-Hex-Y-Hex. The variation in the
as a proton acceptor to 3:10 in environments where the signal-to-noise ratio between the spectra presented in Figure
phenolic hydroxyl group is a proton dond7. 4 is due to differences in concentration resulting from
Use ofp-cresol as a model compound was largely dictated variations in solubility. No spectral differences were observed
by the enhanced solubility of this compound relative to that for any two species in the same solvent. The figure
of Y. To investigate the environmental dependence of Y demonstrates that only very subtle changes are observed in
directly, we have synthesized a series of tyrosines in which the resonance Raman spectrum of Y as the solvent environ-
the amine and carboxyl groups are functionalized, thereby ment is varied. In thesgy/vg, region of the spectrum, both
increasing the solubility of Y in nonpolar solvents. Depictions modes undergo a slight decrease in frequency from PBS to
of the functionalized tyrosines are presented in Chart 1. the aprotic hydrogen bond-accepting acetonitrile and tetra-
Figure 3 presents a resonance Raman spectrum of Y, anchydrofuran. In addition, the frequencies of thgJvg,
the functionalized tyrosinBl-Ace-Y-Me in PBS buffer (pH transitions undergo an increase in frequency in cyclohexane
7.4) obtained with 229 nm excitation. The figure demon- relative to the frequencies in these aprotic solvents. Subtle
strates that functionalization does not affect the pattern of changes are also observed for the 1180%mansition, with
intensities observed in the resonance Raman spectrum at thishis mode undergoing a® 1 cnt ! downshift between PBS
excitation wavelength. Since modes associated with theand cyclohexane. This observation is similar to the behavior
phenolic side chain of tyrosine dominate the resonance observed for the corresponding transitionpitresol (4).
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Energy (cm-1) dissolved in chloroform (top) and methanol (bottom). Spectra were

) obtained with 229 nm excitation. Note that the evolution in the
FiGURE 5: UV resonance Raman spectra of 3-fluarrrosine and  spectrum is remarkably similar to that observed for 3-fluorotyrosine.
N-acetyl-3-fluorotyrosine methyl ester in various solvents. Spectra
were obtained employing 229 nm excitation. The spectra in PBS Comparison of the PBS and methanol spectra demonstrates

buffer (pH 7.4) and the lower methanol (MeOH) spectra are those that the evolution in the spectrum is subtle, with the intensity
of 3-fluoro-L-tyrosine. The upper MeOH spectrum and the spectrum of the 1289 cm! mode undergoing a slight decrease.

in chloroform (CHC}) are those oN-acetyl-3-fluorotyrosine methyl L -
ester. The two MeOH spectra are essentially identical, demonsiratingHioWever, when 3-¥is dissolved in chloroform, where the

that functionalization of the amino termini of the chromophore does enthalpy for intermolecular hydrogen bonding is substantially
not affect the phenolic chromophore. Note that a dramatic evolution decreased relative to that in PBS or methanol, the resonance

in the spectrum is observed when the hydrogen bonding strengthraman spectrum undergoes a dramatic change. The modes
e oty Som e et &S oM (e 1206 and 1269 cr have ndergone & substantil decrease
in intensity, and the strongest transition in the fingerprint
Slight evolution is also observed in the Fermi doublet region region of the spectrum is now at 1174 tinin addition,
of the spectrum. One concern in studying the functionalized the doublet at 933 and 953 cfnis reduced in intensity
tyrosines in nonpolar solvents is that the apparent paucity relative to thevs, transition, and the 933 crh mode has
of the spectrum to changes in environment might arise from undergone an apparent downshift to 896 énfrinally, the
dimerization of the phenolic chromophores rendering the frequency of the 1114 cn transition in PBS decreases to
hydroxyl groups solvent inaccessible. To check this pos- 1103 cnit in chloroform.
sibility, we performed FTIR and NMR studies in which The results presented above demonstrate that the resonance
transitions associated with the phenolic hydroxy group were Raman spectrum of 31¥s remarkably sensitive to changes
monitored as a function of concentration. Through these in the local environment. However, the question of why this
studies, it was determined that any dimerization occurs should be the case remains. In particular, what is the internal
through the amide functionality exclusively, and that dimer- coordinate composition of the normal modes whose transi-
ization of the phenolic groups does not occur at the tions are sensitive to the environment? To address this
concentrations investigated here. Therefore, the paucity ofquestion, an experimental and computational study was
the Y resonance Raman spectrum to changes in environmenperformed in which resonance Raman and infrared absorption
is indeed characteristic of the chromophore. spectra of 2-fluoro-4-methylphenol (2FMP), a model for
In contrast to the spectrum of Y, the UVRR spectrum of 3-Y;, were obtained and compared to the prediction of density
3-Y; demonstrates substantial environmental dependencefunctional theory (DFT) employing the B3-LYP exchange
Figure 5 presents resonance Raman spectra gfiB-#BS correlation functional. First, to ensure that 2FMP demon-
and methanol, and spectra bEAce-Yi-Me dissolved in strates the same sensitivity to environment as:3the
methanol and chloroform. The nomenclature used here isresonance Raman spectrum of this compound dissolved in
identical to that employed for tyrosine; however, Y is methanol and chloroform was obtained. Figure 6 presents
replaced with Yto indicate fluorine substitution. Two spectra the solvent dependence of the 2FMP resonance Raman
in methanol are presented in Figure 5; the lower one spectrum, and demonstrates that the spectral evolution
corresponds to unfunctionalized &nd the upper one to the observed for this compound is similar to that observed for
functionalized compound. The figure demonstrates that, like 3-Y;. For example, in methanol a transition is evident at 1298
that of Y, the spectra of 3tYandN-Ace-Y;-Me are identical. cml, whereas a prominent transition at 1174 “énis
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Ficure 7: Depictions of three normal modes for which the
corresponding transitions demonstrate sensitivity to solvent hydro-
gen bonding strength. The computation results were obtained using L L L L L L
density functional theory as described in the text. The frequencies 800 1000 1200 1400 1600 1800
that are provided correspond to the unscaled computational frequen- Energy (cm™')

cies, and in parentheses, the experimentally determined resonance, . o- 8. Resonance Raman spectra of the-1007 peptide which
Raman and IR frequencies are given. binds to the Fv fragment of the 17/9 anti-HA(9808) peptide

observed in chloroform. We have developed preliminary 222itt)§t(?gnd|$r?(levei"?[idPeBS;ebuuﬁeer:c(epTJcE)?/tF)}alned with 229 nm
o . . D%, where the
normal mode descriptions for 2FMP transitions that dem- g pqeript indicateps Fhe incorgoration site of 3-fluarosrosine (3-
onstrate substantial sensitivity to environment, and depictionsy;). Also presented in the figure are the corresponding spectra for
of these modes are presented in Figure 7. The calculations.-tyrosine and 3-Y. Finally, the difference spectrum represents the
were performed on 2FMP in the absence of hydrogen difference between the peptide spectrum and thigrosine

- ; ; : spectrum. The difference spectrum is dominated by scattering due
bonding; therefore, the data obtained in chloroform (Figure to 3-Y;, demonstrating the ability to isolate scattering from the

6) represent the best point for comparison. The figure fiyorinated residue even in the presence of endogenous tyrosine.
presents the calculated mode frequencies (unscaled) and the

frequencies observed in the resonance Raman and IR studiegeptide antibody 32, 33). The specific peptide sequence
The figure demonstrates that the transitions of interest containis YDVPDY{AS, where the subscript indicates the 3-Y
significant internal coordinate contributions from the-O incorporation site. Figure 8 presents the resonance Raman
stretch, the €F stretch, and the €0—H bend. Given these  spectrum of the fragment dissolved in PBS obtained with
internal coordinate contributions, it is reasonable that hy- 229 nm excitation. Also presented are the resonance Raman
drogen bonding involving the hydroxyl group of the phenolic spectra of Y and 3-¥. The figure demonstrates that the
chromophore or fluorine will significantly alter the character observed scattering is clearly dominated by Y and;3¥Yie

of the normal modes, with this effect reflected in an evolution difference spectrum presented in Figure 8 was obtained
in the resonance Raman spectrum. Further computationalthrough subtraction of the Y spectrum from that of the
studies exploring the effect of intermolecular hydrogen peptide. The difference spectrum is essentially identical
bonding on the normal mode character of 2MFP are currently to that of 3-¥;, with minor contributions arising from non-
underway. aromatic amino acids.

Discrimination between Y and 3-¥As mentioned earlier, To determine the limit at which scattering assignable to
the two factors limiting the application of vibrational 3-Y:; can be isolated in the presence of endogenous Y,
spectroscopy to problems in protein structure and dynamicsmixtures of 3-¥ and Y were studied (Figure 9). With 229
are spectral overlap and spectral sensitivity. The resultsnm excitation, scattering from Y will make the dominant
presented thus far demonstrate that the resonance Ramaoontribution to the resonance Raman spectrum of a protein
spectrum of 3-Yis highly dependent on environment, and (22); therefore, differentiating the scattering of 3ffom Y
that this compound provides an ideal opportunity to over- will prove to be the limiting factor in the application of 3-Y
come limitations due to spectral sensitivity. With regard to in protein studies. Figure 9A presents the spectrum of a 2:1
spectral overlap, 229 nm excitation results in the preferential molar mixture of Y and 3-Y. The spectrum demonstrates
enhancement of tyrosine scattering; therefore, we anticipatethat indeed scattering from Y dominates the observed
endogenous tyrosine to be most problematic with respectscattering. However, the difference between the spectrum
to spectral overlap2R). To test the ability to differentiate  of the 2:1 mixture and a spectrum of native tyrosine (Figure
3-Y: and Y scattering, 3-Y¥was substituted for one of 9B) demonstrates that through subtraction of Y scattering,
two native tyrosines in the influenza hemagglutinin (HA) the resonance Raman spectrum of 3edn be retrieved.
100107 peptide which binds to the 17/9 anti-HA{9808) Figure 9C presents a spectrum of a 6:1 molar mixture of Y
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With respect to spectral sensitivity, the results presented
A here clearly demonstrate that the resonance Raman spectrum
of 3-Y; obtained with 229 nm excitation demonstrates
increased solvent sensitivity relative to Y. In agreement with
earlier studies, the evolution of the Y spectrum as a function
of solvent hydrogen bonding strength was found to be
extremely modest. However, fluorine substitution gives rise
to transitions for which the corresponding normal coordinates
are remarkably sensitive to environment. From a phenom-
enological standpoint, the UVRR spectrum of 3pYovides
an elegant method by which to monitor changes in the
environment experienced by this residue. However, what
remains unclear is why the spectrum of 3should be so
sensitive to environment. One hypothesis for this behavior
is provided by computational results outlined above. Specif-
ically, the environmentally sensitive normal modes are
predicted to contain substantial contributions from theGC
stretch, the €&F stretch, and the €0—H bend internal
coordinates. Given the similarity in mass between the F and
OH groups, the internal €F and C-O(H) stretch coordi-
1000 1200 1400 1600 1800 nates are expected to be similar in frequency; therefore, we
Energy (cm-1) would expect these coordinates to strongly couple. With the

. i . advent of hydrogen bonding, the effective mass of the OH
Ficure 9: (A) Resonance Raman spectrum of a 2:1 molar mixture dlor E ill be al d dth h of theoC
of Y and 3-Y; obtained with 229 nm excitation. (B) Difference 2Nn@/or F groups will be altered, and the strengtn of t
between the 2:1 spectrum and a spectrum of Y only. The difference 2nd C-F bonds will be modified. As such, we would expect
spectrum is essentially identical to the resonance Raman spectrunthe coupling between the relevant internal coordinates to be
gf_ f?-Yf. (C)bSr:ethU"t]hOf g 1511 mfilaf m'thre of Y ?nd 3-';(3) | altered, thereby affecting both the character and energetics
ifference between the 6:1 spectrum and a spectrum of Y only. : R

Resonance Raman spectra of Y (E) and:3Hj are provided for of the r?o”“a' modes d_e_p_lcted n F_lgure 7. In other Words,
comparison. the environmental sensitivity of 3y érises from an evolution

) ) _in internal coordinate couplings and correspondingly the
and 3-¥, and the corresponding difference spectrum is character of the normal modes. We are exploring this
presented in Figure 9D. Inspection of this figure demonstrates hypothesis through a series of computational studies in which
that scattering from 3-s still evident. However, the signal-  the strength of hydrogen bonding to solvent will be system-

to-noise ratio is now roughly 2:1 such that this study provides atically modified, and the character of the normal coordinates
a limiting case with respect to the concentration differential a5 a function of bonding strength will be studied.

at which 3-¥; scattering can be isolated. The data presented

in parts C and D of Figure 9 correspond to a total acquisition ACKNOWLEDGMENT

time of 80 min; therefore, it is possible to employ a longer e thank Josh McBee and James Chou for their contribu-
acquisition time in studies where more than six Y residues ions to this work.

are present.
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