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Abstract: To better understand the complex photophysics of the amino acid tryptophan, which is widely
used as a probe of protein structure and dynamics, we have measured electronic spectra of protonated,
gas-phase tryptophan solvated with a controlled number of water molecules and cooled to ~10 K. We
observe that, even at this temperature, the bare molecule exhibits a broad electronic spectrum, implying
ultrafast, nonradiative decay of the excited state. Surprisingly, the addition of two water molecules sufficiently
lengthens the excited-state lifetime that we obtain a fully vibrationally resolved electronic spectrum. Quantum
chemical calculations at the RI-CC2/aug-cc-pVDZ level, together with TDDFT/pw based first-principles MD
simulations of the excited-state dynamics, clearly demonstrate how interactions with water destabilize the
photodissociative states and increase the excited-state lifetime.

Introduction tryptophan in the cold environment of a supersonic molecular
beam have identified individual stable conformers of the isolated
moleculel® providing support for the rotamer model of tryp-
tophan fluorescence decay in protetr@ne way to unravel the
effects of the local electric field and solvent on the excited-
state lifetime is to investigate protonated tryptopéfor small

Despite the wide use of the amino acid tryptophan as a
spectroscopic probe of protein structure and dynamics, its
photophysics is not completely understood, particularly its
nonexponential fluorescence dedayWhile it seems clear that

conformational heterogeneity plays an important role in the time- o . -
resolved fluorescence observed from electronically excited YPtophan-containing peptides. Toward this end, we have

tryptophan within proteind26understanding how different local ~ '€cently developed a new method to study the spectroscopy and
environments affect the excited-state lifetime is essential for dynamics of cold, biomolecular ions and have applied this
interpretation of the dynamid$ One of the most important approach to |nvest|gaFe the electronic spectroscopy of protonated
processes that influences this lifetime is charge transfer from tyPtophan and tyrosin€. The spectral features of protonated
the indole ring of tryptophan to a nearby electrophile, a process yrosine become perfectly sharp upon cooling in the trap,
that is highly sensitive to the local electrostatic environm@&rit? exhibiting a width of only 2.7 cm?, which arises largely from
The local electric field results from the presence of charged the rotational contour of a given band. The nearly complete
groups in the vicinity of the chromophore as well as any water absence of hot bands to the low-energy side of the band origin
or polar groups that may solvate the charges and moderate thejindicates that the vibrational temperature is approximately 10
influence. To better understand the excited-state dynamics ofK. Under the same conditions, the spectral features of cold,
tryptophan embedded in proteins and interpret its use as a probeProtonated tryptophan exhibit widtis 300 cn?, suggesting
it would be helpful to have a molecular level understanding of that the excited-state lifetime of this molecule is shérThis
such effects. is qualitatively consistent with time-resolved, pumprobe
Spectroscopic studies of isolated tryptophan can shed light Studies of the same species, which reveal a fast (380 fs) excited-
on its behavior in the more complex environment of a protein. State decay in protonated tryptophan that extends to 22 ps in
For example, spectroscopic experiments on neutral, gas-phas@rotonated tyrosinét
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The spectrum of cold, protonated tryptopFaand the short nanospray source. Ultraviolet laser pulses of~eh ns duration are
excited-state lifetime that it implies are in stark contrast to those generated by frequency doubling a Nd:YAG pumped dye laser using
of the neutral species, which exhibits a fully resolved rovibronic & béta barium borate (BBO) crystal. Typical UV pulse energy is
spectrun® and an excited-state lifetime of @3 ns in the gas 10 mJ.
phase> That protonated, gas-phase tryptophan has a shorter
lifetime than that of the neutral form should not be entirely
surprising; pH dependent studies of tryptophan fluorescence in  In order to determine the most probable low-energy structures for
solution show the same trend with decreasing pH as the both bare and solvated TrpHwe have performed classical MD
protonated form of the amino acid is favoredjthough not ~ Simulations with the AMBER/parm96 force fiefdat 300 K, a
nearly to the same degree. However, the simple fact that intemperatu're that allows fqr essentially cqmplete exploration of the
solution the excited state of protonated tryptophan still lives conformational space of this system, we f'n.d that the gonformatnonal
long enough to fluoresce while in the isolated molecule it does space of TrpH can be reduced to the orientation of two dihedral angles

) . . around the &C,—Cs—C, (¢1) and the G—Cs—C,—Cs:1 (¢2) bonds,
not is contrary to the normal expectation that quenching should . ye other structural parameters relax on very short time scales. Using

be much faster in liquids. this information, we have then sampled the free energy surface via
We report here electronic spectra of cold, protonated, gas- metadynamics/MEf at the experimental temperature of the ion trap
phase tryptophan complexed with a controlled number of water (~10 K), along the relevant degrees of freedom of the system.
molecules together with RI-CC2 and TDDFT calculations in  For the main species obtained from MD, we have calculated vertical
combination with TDDFT-based molecular dynamics simula- excitations at both TDDFT/B3LYP and single-point second-order
tions of the excited-state dynamics. As described below, the approximate coupled-cluster model (CE2¢vels. B3LYP calculations
addition of only a few water molecules dramatically lengthens are performed using the Gaussian03 cdend CC2 calculations are

the excited-state lifetime, and our simulations reveal the detailed done using the TURBOMOLE 5.8 cotfavithin the resolution-of-the-
mechanism of this phenomenon identity (RI) approximation for the evaluation of the electron-repulsion

integrals (RI-CC2¥* Both TDDFT/B3LYP and RI-CC2 calculations
Experimental Approach use aug-cc-pVDZ basis seéfsWe have also performed nonadiabatic
excited-state dynamics within time-dependent density functional theory

Our basic experimental approach is to generate closed-shell ions m(TDDFT) in the adiabatic (ALDA) approximatic#.All ground state
the gas phase using electrospray, select only those of a particular mass,
(DFT) and excited state (TDDFT) MD simulations are carried out with

to-charge ratiortVz), and trap them in a low-temperature ion tfp.

. . ) the CPMD codé’ We use soft norm-conserving nonlocal Troullier
We then excite the trapped ions with a UV laser pulse and measure 9

. .~ Martins pseudopotentidgfsand a 70 Ry energy cutoff for the plane
the charged fragments that result when some fraction of the excited pseudop o Ry ay ' the pie
. . : o wave expansion of the wave functions. The inherent periodicity in the
ions dissociate. We generate a spectrum by monitoring the number of - o - . , )
. ) . . plane wave calculations is circumvented by solving Poisson’s equation
fragment ions of a particular mass-to-charge ratitz( as a function S " . .
o . for nonperiodic boundary conditiod$We use a cubic cell of size 17
of the laser wavenumber. If the molecules remain in the excited state
- . . . === A for the bare protonated tryptophan (TrpHand 23 A for the doubly
for a sufficient period of time, the spectral features will be sharp, while . - . . .
. o ; . solvated species (TrpHH2O),). Since the use of hybrid functionals is
if fast nonradiative processes occur, the spectral lines will be broadened o o . .
. . . o prohibitive within a plane wave based scheme, excited-state dynamics
according to the timeenergy uncertainty principle. The spectral

. . S o are run with a GGA (PBE} functional. The main difference between
features we observe thus provide a rigorous lower limit to the lifetime - . . -
- ; B3LYP and PBE descriptions consists in a constant shift of all
of the molecule in the excited state.

. . . .. calculated transitions to lower excitation energies by ca—0.8 eV
We produce protonated amino acids as well as their water-containing (when using PBE). The results of DFT/PBE TDDET dynamics are
clusters by nanoelectrospray from ax210™* M solution in 50/50 .

. . . validated by RI-CC2 calculations at different geometries along the MD

water—methanol with 0.2% of acetic acid added to favor the protonated , _. LAND . 9 . 9
trajectory. Our implementation of the TDDFT energies and fdfces
form of the molecule. We sample the electrospray plume through a L >
. : ) g . makes use of the TamraDancoff approximation (TDAJ? Surface
glass capillary with metalized ends and collect the ions in an RF-only ) o ) .
S - crossing probabilities are evaluated by the Landaener semiclassical
hexapole trap. After a 48 ms collection time, we pulse the ions out of 3 . ; )
. . ) approach® All energies and gradients are converged to a maximum

the hexapole, select a particular mass in a first quadrupole mass

. . ) deviation of 107 au. A time integration step of 15 au (0.36 fs) is used
§pectrometer, ber_1d them‘9®8|th a sta_tlc quadrupole, and guide them for the ground state simulations, while for the TDDFT MD runs it is
into the 22-pole ion traf? 8 which is mounted on a closed cycle

. o L B A r to4 .10 fs). illator strengths ar mput rdin
refrigerator and maintained at 6 K. We inject a pulse of helium into educedto 4 au (0.10s). Oscillator strengths are computed according

the trap, giving it sufficient time to equilibrate to the temperature of
the trap housing before the arrival of the approaching ion packet. After
a 40 ms delay, an ultraviolet laser pulse is sent through the trap, exciting (21 Chnstlansen O.; Koch, H.; Jorgensen,Ghem. Phys. Lett1995 243
the ions via an electronic transition in the region of 35 000 trRarent (22 9-418.

and photofragment ions are released from the trap and passed through

Computational Details
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Figure 1. Electronic photofragment action spectrum of protonated tryp-
tophan with 0, 1, and 2 attached water molecules.
to Bernasconi et & Ground state and excited-state simulations are
carried out using BornOppenheimer MD. (c)

Results and Discussion

Figure 1 shows the electronic spectrum of protonated tryp-
tophan with 0, 1, and 2 water molecules attached. The broad
overall band observed for the bare, protonated tryptophan (top
panel) becomes slightly narrower when one water molecule is
added but then becomes dramatically sharper upon addition of
the second, implying a substantial lengthening of the excited-
state lifetime. The features in the spectrum of TrHLO), have
a similar line width as those of bare, cold, protonated tyroSine.
Preliminary assignment of the TrpH,0), spectrum based
upon infrared hole burning studf@seveals that one predomi-

Figure 2. (a) Metadynamics free energy landscape in thep) subspace

nant conformer gives rise to the majority of the observed spectral for TrpH* at 10 K. The free-energy scale goes from deep blue (0 kcal/
features, which can be assigned to vibrational progressions ofmol) to red (8 kcal/mol). (b) Dominant configurations for Trpcorre-

several low-frequency vibrations.
While spectral simplification is the opposite of what one
typically observes when bare molecules are put in solution, there

have been several examples of excited-state lifetime Iengtheningb

in gas-phase hydrogen-bonded clus#rg? In these cases, the
presence of solvent molecules are proposed to shift different
electronic states relative to one another in such a way as to

block fast nonradiative decay channels. Our calculations based
y free energy barrier of 7.5 kcal/mol at 10 K. The most probable

on single-point RI-CC2 and TDDFT molecular dynamics
confirm this general interpretation in the case of protonated
tryptophan and reveal the detailed mechanism of the dramatic
lifetime lengthening upon solvation.

(34) Bernasconi, L.; Sprik, M.; Hutter, J. Chem. Phys2003 119, 12417
12431
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sponding to minimum I in (a)); and (c) TrpHEB),", as obtained by MD.

The computed free energy landscapes definedgay{) at

oth 10 K and 300 K show the presence of two possible
orientations of the main chain of TrgHvith respect to the plane
of the indole ring (“up” and “down” configurations, hereafter;
Figure 2a, labels | and II). Minima | and Il are separated by a

configuration (“up”) shows one deep and one shallow minimum
(Figure 2a, labels I, Ill), separated by a small barrier&f.4
kcal/mol. Assuming that the cooling process in the ion trap is
slow enough to allow interconversion between these two
minima, only the configuration corresponding to the deeper of
the two (shown in Figure 2b) should remain significantly
populated at 10 K. The relative energy differences among
structures +11 -1l (E;—E, ~0.3 kcal/mol,E; —E; ~0.4 kcal/
mol) have been confirmed by calculations at the DFT/PBE level
within <0.1 kcal/mol.
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Table 1. Five Lowest Vertical Excitation Energies for TrpH" With

- £ *
Different Methods @) T 7\ @
excited-state RI-CC2 [eV] RI-CC2 [eV] ' ) g
character (smaller basis set)? (larger basis set)” B3LYP [eV]? N . . -
70 4.64 4.46 4.28 - T s s
* #

Pt 4.92 4.80 471 n* *
o 5.18 5.01 473
77*CO (dark) ~5.0 ~5.0 3.43
77*CO (dark) >5.0 >5.0 3.89

T L E s B S e B
(b)
2

4

3t N A A o :
\\/ g ‘\/"/ "\ SVAVYARY!

2

aWwith aug-cc-pVDZ on O, N atoms, and cc-pVDZ on HQWith aug-
cc-pVDZ on all atoms. The character of the excited states in the first column
refers to their largest orbital component.

o

Energy [eV]

Simulations of TrpH (H,0), reveal that thed;,¢,) space has
the same topology as that for bare TrptAt 300 K, both water
molecules always remain directly H-bonded to thesNgroup,
showing no preference for other possible locations. For the “up”
configuration, annealing to low temperature invariably freezes
the two water molecules in the geometry shown in Figure 2c.

Calculations of the vibrational spectra at the DFT/PBE level
predict a split in the asymmetric stretch frequencies of the two
water molecules of approximately 32 ckand 25 cm? for
the “up” and “down” configurations, respectively, in good
agreement with our IR hole burning measurements that reveal
a difference of 37 cmt and 20 cm?! for the major and minor
conformers’® This result supports the assignment of the structure
in Figure 2c to the primary conformer observed in our spectra.
Note that other higher energy local minima structures found at
300 K give a splitting of less than 12 crhfor the same
antisymmetric stretch bands, also in agreement with our
experiments?

Table 1 reports the vertical excitation energies at the
equilibrium geometry of bare TrpHobtained by DFT and RI-
CC2 calculations. As previously discussed in the literatfire,
the calculated excitation spectra for the few lowest optically

Bond length [A]

Energy [eV]

allowed excitations in the two methods are very similar interms  — 25 B //___,______ﬂ____-
of both transition energies and the character of the wavefunction. =} - 1
The first optically accessible state lies at 4.28 eV within TDDFT/ £ 2[ -~ ---==eomm7 77777 o]
B3LYP and at 4.46 eV within RI-CC2 calculations (experi- = ,sb——  ———  — ]
mental value, 4.35 eV). The TDDFT/B3LYP transition involves & } T
the promotion of one electron from thesystem on the indole I 1 1 . C .
0 20 40 60 80 100

ring to a mixture ofo*n—p (57%), 0* co—N (6%), indole * s
0, * (80 i i -

(19%), and Carbocho_ (8%) O_rblt_als' The corres_po_ndlng_ RI Figure 3. Time evolution of photoexcited TrpH(a—c) and TrpH(HO),*
CC2/aug-cc-pVDZ vertical excitation leads to a similar mixture (d—f). (a/d) Dominant Kohr-Sham orbital contributions to the electronic
with percentageso*n-n + 0*cou—n (67%), indoles* (10%), excited state during TDDFT dynamics at different times. (b/e) Ground and
and 7*co (6%) (see Supporting Information). The precise running excited-state energies along the TDDFT dynamlcs_ run. The bla_ck

lati tribution of these three components is stronal I|r_1e shows the ground state energy, and the magenta line, the running
relative contn ] p 9!y diabatic state. The asterisks correspond to the positions where respective
geometry dependent (Figure 3a) and, for the RI-CC2 calcula- snapshots of the orbitals inal) are taken. (c/f) NH (black, red, and

tions, basis set dependent. At the vertical excitation from the green lines) and £-N (blue line) bond lengths, and,NH---OH, distances

ilibri * TR ; (magenta lines) during TDDFT dynamics. In panel (b) black and magenta
e.qUI.“.bnum .geometry, theU,N’H contribution is the most circles correspond to RI-CC2 energies computed at the corresponding
significant, in agreement with other recent RI-CC2 calcula- geometries. To facilitate comparison, RI-CC2 excited-state energies are

tions#® The only difference between RI-CC2 and TDDFT/ shifted down by a constant amount in order to best match the TDDFT curve.
B3LYP transitions at lower energy is associated with the well-

known failure of TDDFT for charge-transfer statég2which Figures 3b-c display the time evolution of the TrpHsystem
leads to the artificial lowering of two “dark’r*co states.  ypon vertical excitation to the first photoaccessible state obtained

However, as previously pointed dtiand further confirmed by from TDDFT dynamics. During the initial fast relaxation phase
our TDDFT dynamics calculations, these states do not affect (10 fs) along this diabatic state, they_y andz* contributions

the photophysics of this system. decrease progressively, while thg-eN antibonding character

(40) Gregoire, G.; Jouvet, C.; Dedonder, C.; Sobolewski, AChem. Phys. mcrease,s’ as d¢p|cted in ,Flgure 3a. These r§p|d change; In the
2006 324, 398-404. electronic state induce major structural alterations. In fact, initial

(41) Dreuw, /b Weisman, J. L. Head-Gordon, M.Chem. Phys2003 119 stretching of one NH bond ¢ < 7.5 fs) is followed by

(42) Dreuw, A.; Head-Gordon, MI. Am. Chem. So@004 126, 4007-4016. elongation of the g—N bond that leads to dissociation of the
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(a)

Figure 4. H*GlyTrp (a) calculated lowest energy configuration, demon-
strating the proximity of the ammonium group to the indole ring; (b)
dominant Kohn-Sham orbital contributions to the electronic excited state.
Note the substantial amount of y—y character.

NH3 group (Figure 3c), in agreement with one of the major
fragmentation channels that we observe. After a first drop of
the excited-state energy, the gap between the ground and the
occupied excited state remains approximately constant. The

(a)

:{K
v

(b)

X

(%

4
LY

shape of potential energy surfaces (both in the ground and _ ) )
ited btained b lculati | h . Figure 5. 3-Methylindole-methylammonium complex. (a) Reduced model
excited states) obtained by RI-CC2 calculations (also shown in derived from the HGlyTrp dipetide geometry; (b) ground electronic state

Figure 3), as well as the symmetry of the main molecular orbital orbital (HOMO); (c) excited electronic state orbital (LUMO). Note that

contribution to the excited state, is in good agreement with the the HOMO-LUMO transition hasAE and oscillator strength similar to
e :

TDDFT data (see Supporting Information). This confirms that 8t 070" in bare TrpH" as well as in HGIyTrp.

the TDDFT dynamics on the excited state is qualitatively and relaxation of the electronic structure. and unlike th  bar
quantitatively correct and that the twigo* charge transfer states ea ‘:’: on ofthe elecironiC Siticure, and uniike the case of hare
TrpH', we do not observe any fast covalent fragmentation

are indeed spectator states that do not affect the dynamics onChannel (Figure 3e and f). Instead, the initial release of ener
the first optically accessible state.NHz fragmentation is 9 : ’ gy

associated with the excitation of an electron into antibonding after vertical excita_tion eventually leads to water dissociation,
o* states and concomitant localization of the positive charge as observed e.xpenmentally.. . ,
on the aromatic ring, which is more favorable in the case of Our calculations also provide insight into why the dramatic
the Trp side chain as compared to Tyr and Phe, due primarily lifetime lengthening occurs with two water molecules rather than
to their difference in ionization potential. one. The structure of TrpH{H20), shown in Figure 2c reveals
The presence of two water molecules hydrogen-bonded to an intramolecular hydrogen bonding interaction between the

the amino group alters considerably the electronic structure of nhonsolyated gdmt:noElt;Jm N?hbond '?‘Ed the carbonylloxylgen olrll
the low-energy excited states of TrpHTI he transitions teo* y—y the amino acid backbone. Thus, with two water molecules, a

orbitals are shifted up by 1.3 eV because of their interaction three of th_e ammonium NH bonds_ are involved in hydr(_)gen
with the lone-pair electrons of the two,& molecules, an effect bpnds,_ W_h'ch pushes up the energies Ofdhﬁ"* state thatis
that has been described for other H-bonded systems and tha@ssoqaﬂve in the correspondlng cogrdlnate. Th'.s can be also
can be rationalized in terms of electrostatic and charge transfersfen in the electron density plot of Figure 3d, which shows no
interactions between Lewis type aeilase pairg? As a result, O"N-H chgracter. o )

the first photoaccessible state of Trp,0), populates what We believe that these ef_fects are_not I|m|te_d to isolated
is primarily az* orbital. Also, in this case, the shape of the Protonated tryptophan but will also be important in tryptophan
populated orbital is consistent with RI-CC2 calculations. Within proteins whenever positively charged groups are situated
Because of the solvent-induced separation ofthstate from nearby. This raises the .questlo.n of Wheth.er thg photomduced
the dissociatives*c_y and o*n_y manifold, TDDET-MD charge transfer from the |n.dole ring to 'Fhe dissociativé state
performed on this state does not lead to any appreciable®n the charged ammonium group is a “through-bond” or
“through-space” effect, since in the former case it might only
(43) Umeyama, H.; Morokuma, KI. Am. Chem. Sod.977, 99, 1316-1332. be important in proteins with a charged N-terminal tryptophan.
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To test this, we have performed experiments oGy Trp and tion of the NH;* group by as few as two water molecules shifts
H*GlyGlyTrp as well as calculations on the former. The theo*n—4 antibonding component to higher energy, decoupling
ammonium group, which is attached to the N-terminal glycine it from the z* state and hence from ther* transition. As a
in each case, is further away from the indole chromophore of result, photoexcitation leads to a longer-lived excited state,
tryptophan in terms of the number of bonds between them but which, in turn, yields highly resolved spectra.
is closer in space because of the greater flexibility of the  This combined experimental and theoretical study should have
backbone (e.g., Figure 4a). Electronic spectra of these speciesmportant implications for the interpretation of tryptophan
show no sharp structure, exhibiting linewidths similar to that fluorescence data used to probe protein structure and dynamics.
of bare TrpH. Moreover, TDDFT calculations on #GlyTrp For example, recent studies of human serum albumin (HSA)
show that the excited state has a strong component of dissociaused fluorescence from the Trp214 residue, which is buried
tive o*n—n character centered on the charged ammonium inside a deep crevice of the protein, to probe its structtire,
(Figure 4b). solvation dynamics, and local rigidity.Site-directed mutagen-
As a final test of the importance of bond connectivity, we esis studie¥ have revealed that the presence of a charged
have performed calculations of the excited state of a 3-meth- arginine residue (Arg218) in the vicinity of Trp214 clearly plays
ylindole—methylammonium complex (Figure 5) in which the a role in determining its fluorescence lifetime. Our results
geometry is fixed to that calculated for the @lyTrp dipeptide suggest that the charge on the Arg218 should give rise to low
but the ammonium is not covalently linked to the indole ring. lying states witho* character and that electron transfer to this
In this case, we find that the excited state has signific&nt 4 side chain will provide a nonradiative decay path that competes
character centered on the charged ammonium. Thus, we expectvith tryptophan fluorescence. Moreover, the presence of water
that the effect of charge in shortening the excited-state lifetime molecules in the pock&can modify the effect of the arginine
is not limited to isolated TrpH but should be a general feature charge depending upon their location. Our experimental and
of tryptophan embedded in proteins whenever positively chargedtheoretical study on a well-defined, gas-phase system begins to
groups are in close proximity. provide a molecular level understanding of such effects in

. roteins.
Conclusions p
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