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a  b  s  t  r  a  c  t

Evaluating  protein  structure  in  the  gas  phase  is  useful  for understanding  the  intrinsic  forces  which  influ-
ence  protein  folding  and  for determining  the  feasibility  of  probing  condensed  phase  structure  with  gas
phase  interrogation.  KIX  is a three-helix  bundle  protein  that  has  been  reported  previously  to preserve
the condensed  phase  structure  in the  gas  phase.  Herein,  structure  dependent  radical  directed  dissocia-
tion  (RDD)  is used  to  examine  the  gas  phase  structure  of KIX  by establishing  residue  specific  distance
constraints  which  can  be  used  to  assess  candidate  structures  obtained  from  molecular  dynamics  simu-
lations. The  data  obtained  by RDD  is consistent  with  KIX  structures  that  largely  retain  condensed  phase
structure  as  determined  previously  by  NMR.  There  are  several  factors  that  favor  retention  of  the  KIX
native  fold  in  the  gas  phase.  The  structure  is  largely  comprised  of alpha  helices,  which  are  known  to  be
 Helix
hotodissociation

stable  in  the  gas  phase.  This  is particularly  true  if the C-terminus  of  the  helix  is  capped  with  a positive
charge,  which  occurs  for  the  two  most  stable  helices  in  KIX. There  are  several  arginine  based  salt  bridges
which  link  critical  portions  of KIX  together.  KIX  also  has  an  abundance  of basic  residues;  this  multiplicity
increases  the  chance  that sites  which  require  little  structural  reorganization  following  desolvation  can
be charge  carriers.  Thus  under  appropriate  conditions,  solution  phase  structure  can  be  largely  retained
and meaningfully  examined  in  the  gas  phase.
. Introduction

Protein structure is a subject of intense interest in a variety of
ifferent contexts [1].  From a chemical perspective, determina-
ion of protein structure is one of the primary prerequisites for
nderstanding (and ultimately controlling) functionality. Ideally
rotein structure should be examined within the framework of
onditions that are present in cells where proteins carry out their
arious duties [2].  In reality, all experimental methods for examin-
ng protein structure fall short in this regard, although arguably
ome are closer than others. The gas phase is not typically an
nvironment which is considered to be similar to a cell, yet meth-
ds for examining protein structure in the gas phase continue to
ncrease in popularity, including those utilizing mass spectrometry,
on mobility, and spectroscopy [3,4]. Reasons for this are clear, gas
hase experiments can be carried out rapidly with minimal sam-
le consumption [5]; therefore, proteins which are present in very

mall abundance can be targeted. Perhaps even more importantly,
everal gas phase techniques can easily accommodate increas-
ng protein size, allowing for the interrogation of large systems
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[6].  However, despite the increasing popularity, it is more dif-
ficult to ascertain whether the information obtained in the gas
phase is relevant to the condensed phase, and if so, under what
conditions.

Ion mobility is the most frequently used method for examining
the structures of large molecules in the gas phase [7–12]. Although
there are now several varieties of experimental setups, all uti-
lize electric fields and a buffer gas to separate ions according to
their average collision cross section or “size”. This experimentally
determined parameter can be used to evaluate candidate struc-
tures, typically derived from molecular dynamics simulations. The
strengths of the ion mobility approach include direct measurement
of a structural parameter and the ability to easily accommodate
increasing molecular size. It is equally easy to measure the colli-
sion cross section of a small peptide or a large protein. The primary
disadvantage of ion mobility is that only a single parameter (colli-
sion cross section) can be obtained, regardless of the experimental
setup. Constraining all of protein structural space with a single
parameter can be quite challenging.

Electron capture dissociation (ECD) has also been used to inves-
tigate protein structure [13–15].  In these experiments, it is assumed

that dissociation into c/z ions occurs throughout the protein back-
bone. Failure to observe fragmentation is interpreted to signify that
noncovalent interactions are holding the two fragments together.

dx.doi.org/10.1016/j.ijms.2011.07.010
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ryan.julian@ucr.edu
dx.doi.org/10.1016/j.ijms.2011.07.010
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he noncovalent interactions could originate from secondary or ter-
iary structural features. With ECD, it is possible to map  out which
ortions of a protein have the least contact with the remaining
tructure as a function of the charge state. The relative stability
f structural features can in theory be mapped this way because all
roteins adopt more elongated structures in the gas phase as the
harge state increases. Unfortunately, for compact structures which
re frequently most likely to be similar to those found in solution,
ittle information is obtained by ECD since the primary observa-
ion is simply lack of fragmentation. Similarly, this method cannot
istinguish between close contacts which are strongly interacting
ith one another and contacts which are merely in close proximity,

ut not strongly interacting.
Radical directed dissociation (RDD) is a new method which can

xamine protein structure [16]. In these experiments, radical pre-
ursors are placed site specifically at particular residues within a
rotein. Photodissociation is then used to generate a radical by
omolytic cleavage of a photolabile carbon–iodine bond. The ini-
ially formed radicals are reactive, but not well placed to induce
issociation [17]. Thus migration of the radical species to locations
here dissociation is favorable occurs rapidly [18]. Mild collisional

ctivation can then be used to facilitate fragmentation, and the
ocations of the radical directed dissociation sites can be easily
etermined by evaluation of the fragments which are produced.

n this fashion, a series of distance constraints between radical
nitiation and termination points can be determined and used to
valuate candidate structures. Ideally, the distance constraints can
e used to actually drive molecular dynamics simulations towards
elevant conformational space [16]. Multiple structure parameters
re obtained in a typical experiment, and compact structures can
e investigated along with extended conformations. The primary
rawback for this methodology is that the protein must be modi-
ed, and that structure will only be probed in the vicinity of the site
f modification. Iodination of the most reactive tyrosine residue is
imple [19] and the preferred starting point for RDD structure prob-
ng. Of course, modification at additional sites is possible for most
roteins, but only at the cost of significant efforts to install other
odifications site specifically [20].
KIX is a three-helix domain within the larger CREB binding pro-

ein which is involved in the regulation of transcriptional processes
21]. The KIX domain itself is a recognition motif, which can bind
imultaneously to two other proteins to form a ternary complex.
he structure of KIX has been investigated by both NMR  in solu-
ion [22] and in the gas phase by ECD [23]. Evaluation of the ECD
ata suggested that the solution phase structure of KIX is largely
etained in the gas phase and stable for at least 4 s due to favor-
ble electrostatic interactions. This conclusion was primarily based
n evaluation of data related to secondary structure from high
harge states (+10 or larger), which likely represent more extended
onformations of the protein. For reasons explained above, exam-
nation of the structure of the lower charge states was not
ossible.

Herein, RDD is used to examine the gas phase structure of KIX
n the +6 and +7 charge states. Comparison with the solution phase
tructure reveals that the RDD data is consistent with the solution
hase structure being largely retained in the gas phase. Explo-
ation of potential alternate structures based on the RDD data by
olecular dynamics failed to yield any substantially lower energy

tructures. KIX is a three-helix bundle protein, with the helices
onnected by fairly flexible linkers. Desolvation of KIX is accompa-
ied by only slight shifting of the helical regions to accommodate
harge solvation. KIX contains a high density of basic and acidic

esidues, which is important for several reasons. It enables the for-
ation of favorable electrostatic interactions, as noted previously

23]. Furthermore, when charges are placed on the protein, there
re numerous options. This multiplicity may  be important in allow-
ass Spectrometry 308 (2011) 225– 231

ing the protein to acquire a net charge at locations which do not
require significant structural reorganization.

2. Experimental methods

2.1. Materials

KIX domain from CREB binding protein was expressed in
Escherichia coli cells using a plasmid that includes residues
586–672, with residue 586 corresponding to residue 5 here. KIX
was provided as a generous gift by Dr. Kathrin Breuker and Dr.  Mar-
tin Tollinger. �-Cyano-4-hydroxycinnamic acid (CHCA) and trypsin
(porcine pancreas) were purchased from Sigma–Aldrich (St. Louis,
MO). Lysyl endopeptidase (Lys C) and endoproteinase Asp N were
purchased from Wako Chemicals, USA (Richmond, VA). Methanol,
glacial acetic acid, sodium iodide, chloramine-T, sodium metabisul-
fite were purchased from Fisher Scientific (Fairlawn, NJ).

2.2. Iodination of protein

Ortho position of tyrosine side chains in KIX protein were
iodinated by sodium iodide and chloramine-T at room tempera-
ture, after a short reaction time of about 10 min, excess sodium
metabisulfite was added to quench the reaction. Diluted solution
(10 �M protein) and stoichiometric quantities of reagents (1:2:1:2
molar ratio of KIX/sodium iodide/chloramine-T/sodium metabisul-
fite) were used to limit the iodination extent and produce mainly
mono-iodinated KIX. Iodinated KIX was  then purified by a desalt-
ing trap (Michrom Bioresources, Inc., Auburn, CA) to remove excess
iodination reagents.

2.3. Enzymatic digestion

Iodinated KIX was  digested by trypsin, endopeptidase Asp N
or Lys C separately in 20 �L 50 mM sodium bicarbonate buffer at
37 ◦C overnight. Enzyme to substrate ratio 1:10 (w/w) was  used.
The protein cleavage was  stopped by adding 0.1 �L trifluoroacetic
acid to a final concentration of 0.5% (v/v). Digested mixtures were
desalted with C18 ZipTip (Millipore, Billerica, MA) and then directly
eluted onto a MALDI sample plate. CHCA was used as matrix for on
plate mixing. MALDI-TOF analysis was  carried out with Voyager-
DE STR mass spectrometer (Applied Biosystems, Framingham, MA),
equipped with a 337 nm nitrogen laser. The spectra were aver-
aged and recorded in the positive reflector mode at an accelerated
voltage of 20 kV in the range from 500 to 3500 Da.

2.4. Photodissociation

Iodinated KIX (2 �M)  in 80:20 H2O:CH3OH with 0.1% acetic
acid was electrosprayed into an LTQ linear quadrupole ion trap
mass spectrometer (Thermo Fisher Scientific, San Jose, CA). The
back plate of the instrument was modified with a quartz window
to transmit 266 nm UV photons into the linear ion trap, from the
4th harmonic generation of a Nd:YAG laser (Continuum, Santa
Clara, CA). Laser pulses were synchronized to the isolation step
via a digital delay generator. Charge state of fragments after col-
lision activated dissociation (CAD) were assigned using the zoom
or ultrazoom scan modes, which can typically resolve isotope
peaks of up to +8 charge state. Protein fragments were assigned
manually with the aid of Fragmentor 1.2.2 (http://www.faculty.

ucr.edu/∼ryanj/fragmentor.html) and UCSF ProteinProspec-
tor program v.5.7.3 (http://prospector.ucsf.edu/prospector/
mshome.htm). Assignments do not distinguish between even
electron fragments vs. radical fragments with only 1 Da difference.

http://www.faculty.ucr.edu/ryanj/fragmentor.html
http://www.faculty.ucr.edu/ryanj/fragmentor.html
http://prospector.ucsf.edu/prospector/mshome.htm
http://prospector.ucsf.edu/prospector/mshome.htm


al of Mass Spectrometry 308 (2011) 225– 231 227

2

m
e
m
s
E
m
G
o
d
c
e
o
a
R
R
R
o
a
m

3

3

m
b
t
r
c
i
t
a
t
p
a
f
T
c
t
m
h

a
s
p
fi
w
a
t
t
t
t
c
N

T
S

3.2. Radical directed dissociation (RDD)

The iodinated KIX mixture was  electrosprayed from a solution of
80:20 H2O:CH3OH with 0.1% acetic acid. The mono-iodinated KIX
X. Zhang, R.R. Julian / International Journ

.5. Molecular modeling

MacroModel, version 9.9, Schrödinger, LLC, New York, NY,
olecular mechanics software package was used to build mod-

ls of charged KIX, calculate surface accessibility, and perform all
olecular modeling simulations. The OPLS force field [24] and con-

tant dielectric electrostatic, ε = 1.0, was used for all calculations.
xtended cutoffs were used for dipole–dipole interactions. Energy
inimization was performed using the Polak-Ribiere Conjugate
radient [25] method with a derivative convergence criterion
f 0.05 kJ/Å mol. The initial “seed” structure was taken from KIX
omain in a complex determined by NMR  (2AGH) [22] For the +6
harge state of KIX, different sets of charge sites were assigned to
xplore the importance of charge location. The following groups
f residues were either protonated or deprotonated as appropri-
te to yield a +6 charge state: (R7, R42, R65, R90, K53, K75), (R7,
19, R42, R65, R90, K75), (R7, R42, R90, K25, R53, R75), (R7, R19,
42, R65, R87, R90), (R7, R19, R42, R43, R65, R87, R90, E55), (R7,
19, R42, R88, R90, K8, K53, K75, K81, D41, E55, C-terminus). All
ther residues were uncharged. Constrained molecular dynamics
nd multiple cycles of simulated annealing were used to explore
ore conformation space as described in the text below.

. Results and discussion

.1. Localization of iodinated tyrosine

To obtain information about protein structure through radical
igration and dissociation, the initial radical site should ideally

e known. In the present work, radicals are generated by pho-
odissociation of carbon–iodine bonds present in iodinated tyrosine
esidues. In order to favor single site modification, iodination was
arried out under mild conditions which produce primarily mono-
odinated KIX and avoid histidine modification. KIX contains five
yrosine residues with Tyr50 and Tyr59 in the �2 helical region,
nd Tyr68, Tyr69 and Tyr77 in �3. Based on aqueous NMR  struc-
ures, Tyr68 is buried inside the three-helix bundle and Tyr59 is
artially buried, while the other three tyrosines are well exposed
t the surface. The surface accessibilities to iodine as calculated
rom the NMR  structure for each tyrosine residue are shown in
able 1. Previous work has shown that solvent accessibility alone
annot determine probability of iodination [19], presumably due
o the influence of other factors within the local chemical environ-

ent surrounding the tyrosine side chain such as intramolecular
ydrogen bonds or salt bridges.

Identifying the site of iodination for mono-iodinated KIX is not
chievable by simple CAD of the entire protein due to incomplete
equence coverage and numerous uninformative fragmentation
athways. Instead, enzymatic digestion of the mixture of unmodi-
ed, mono- and multiple-iodinated KIX was carried out. MALDI-MS
as used to analyze the proteolytic digest fragments. The results

re summarized in Fig. 1. The bar height represents the iodina-
ion extent for each tyrosine, which is determined by the ratio of
he relative intensity of the mono-iodinated to non-iodinated pep-
ide. If the corresponding peptide fragment was  not observed, then

he bar is absent in Fig. 1. Those bars with a value of zero indi-
ate a measured quantity. Three enzymes, trypsin, Lys C and Asp

 were each used in an effort to increase the sequence coverage

able 1
urface accessibility (Å2) of tyrosine side chain defined at 1.4 Å van der Waals sphere.

Tyr50 Tyr59 Tyr68 Tyr69 Tyr77

Two ortho carbon atoms 10.8 3.7 0.0 12.7 14.6
Phenol ring 85.3 29.8 0.0 78.5 134
Fig. 1. Iodination extent at each tyrosine in KIX quantified by MALDI  analysis of
enzyme digested iodinated KIX. * Indicates a peptide containing Tyr68, Tyr69 and
Tyr77.

and to obtain overlapping results. Although the final results are
semi-quantitative, Tyr50 is obviously the primary iodination site.
Tyr59, which is partially buried inside the three-helix bundle, is
not iodinated at all. Tyr68 and Tyr69 cannot be distinguished as
both are present in all digested peptides, therefore they are grouped
together as one potential iodination site. Tyr77 was only observed
in the Asp N digestion, but the relevant peptide in that case also
includes Tyr68 and Tyr69, confounding independent analysis. Con-
sidering that Tyr68 and Tyr69 are partially iodinated as shown by
the results obtained with Lys C, it is likely that Tyr77 may  only
be iodinated to a small extent. It is important to point out that the
digestion results include some information about secondary sites of
iodination as the doubly iodinated species could not be separated
out prior to analysis. In summary, Tyr50 in KIX is the likely pri-
mary iodination site, Tyr68–69 and Tyr77 may  also be iodinated to a
smaller extent. These results are in agreement with those obtained
by photodissociation, which has been demonstrated previously to
provide iodination site identification in very high charge states [19].
Fig. 2. (a) Photodissociation of the +10 charge state of iodo-KIX generates odd elec-
tron KIX radical. (b) CAD of the KIX radical from (a) generates radical directed
fragment ions (backbone a, c/z, w series and side chain loss peaks) and also some
proton directed b/y fragments. (c) CAD of the even electron +10 KIX generates mainly
b/y  fragments. * Represents side chain loss from the corresponding fragment.
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ig. 3. Relative abundance of fragments resulting from radical directed backbone 

ragments at each residue is normalized to the highest sum.

as then isolated in the ion trap and subjected to photodissocia-
ion with a single pulse of 266 nm photons, which led to homolytic
leavage of the carbon–iodine bond as shown in Fig. 2a for the
10 charge state. After loss of I•, a radical is generated at tyrosine
ide chain. The CAD spectrum of this re-isolated +10 protein rad-
cal is shown in Fig. 2b. Radical initiated a, c, w, and z fragment
ons are produced as well as some abundant proton initiated b/y
ons. These b/y ions are also produced by CAD of the even-electron
10 KIX as shown in Fig. 2c, in addition to several other b/y ions.
DD of peptides frequently occurs at a lower dissociation threshold
han proton initiated dissociation, but some of the proton initiated
athways are competitive in CAD of radical KIX protein. The most
bundant fragmentation channel in CAD of radical +10 KIX is non-
adical initiated cleavage of Asp17/Leu18 to produce b17/y74 ions,
resumably due to the aspartic acid effect [26]. Other competitive
ragmentations such as those yielding the b31/y60 and b35/y56 ion
airs occur at proline [27]. Most of the remaining proton initiated
issociation pathways observed in Fig. 2c are substantially sup-
ressed in Fig. 2b. Similar results and conclusions can be drawn for
ost other charge states of KIX.
The radical can migrate from the initial tyrosine side chain to
ther specific residues, leading to subsequent dissociation (e.g.,
-scission) at those residues. RDD of proteins can result in both
ackbone dissociation (e.g., a50, c52, w45, z39 in Fig. 2b) and vari-
us side chain losses. The broad peak with a trailing edge at lower
iation of KIX along the amino acid sequence in different charge states. The sum of

m/z  in Fig. 2b results from overlapping (and sometimes multiple)
side chain losses from the radical precursor. These side chain loss
peaks are unresolvable with an ion trap and cannot be included
in our analysis. In Fig. 3, the relative intensities of radical directed
backbone fragments that appear only in CAD of KIX radical species
(i.e., they are not present in CAD of the corresponding even electron
cation), are plotted as a function of sequence from charge states +6
through +12 and +16. In +8 and higher charge states, RDD frag-
ments are primarily localized by sequence in close proximity to
Tyr50, Tyr68–69 and Tyr77, which all correspond to potential radi-
cal initiating residues. At even higher charge states, fragmentation
around Tyr50 becomes dominant, in agreement with the previous
MALDI-MS data that suggested Tyr50 is the primary iodination site.
However, the gradual disappearance of some RDD peaks in higher
charge states is due to several factors: (i) less favored through-
space radical migration in more extended structure, (ii) decreased
dissociation threshold for mobile proton initiated competitive frag-
mentation channels, (iii) limited resolution for high charge state
fragment ions in the LTQ linear ion trap. In CAD of KIX +16 radical
protein, only RDD fragments around Tyr50 have sufficient signal
intensities and resolution to allow assignment of charge state. This

data does not rule out the possibility of small amounts of iodi-
nation at Tyr68–69 and Tyr77. Therefore, analysis of the compact
structures will need to consider all three potential radical initiation
points.
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Fig. 4. Two local minima structures calculated by constraining and releasing distance pairs for +7 KIX in the gas phase overlapped with the native NMR structure. (a)
T ght is 
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yr59–Trp10 and Tyr50–Phe31 are proximate. RMSD is 3.4 Å. The picture on the ri
.7 Å.  N and C indicate the N- and C-termini, respectively.

Radical migration occurs only when kinetic and thermodynamic
onsiderations are favorable. The kinetics are largely determined by
tructure, requiring that the radical donor has direct contact with
he radical acceptor and that the relative orientation is favorable.
he relevant C–H bond dissociation energies (BDEs) can gener-
lly be used to predict whether a reaction will be energetically
avorable. The BDE of the C–H bond corresponding to the initial
yrosine radical generated by photodissociation is higher than most
ther non-aromatic hydrogens present in proteins, making hydro-
en abstraction from most other residues exothermic. In other
ords, the initial tyrosine radical is highly reactive and will abstract
ydrogen from most other C–H groups if the structure of the pro-
ein allows. Subsequent migrations are also possible, though less
ikely because the radical favors migration to more stable locations

hich become less abundant as the radical migrates downhill. The
ltimate radical destination can be identified by assignment of the
DD fragments that are observed following activation of the protein
adical, and connections with protein structure can be determined
s explained previously [16].

RDD backbone fragments are typically initiated from a �-
arbon radical in the side chain, which undergoes �-scission to
leave the adjacent C�–C or N–C� bond to generate a/x ions or
/z ions. Radical x ions will generally dissociate further into z or

 ions.

.3. Secondary structure

For the +8 through +11 charge states, one of the most abundant
adical directed backbone cleavages is at residue Asn46 as shown
n Fig. 3. Asn46 is four residues away from the primary initial rad-
cal site at Tyr50. Facile radical migration to an amino acid four
esidues away can be easily rationalized if the protein is �-helical
n this region. The condensed phase structure reveals that Tyr50
nd Asn46 are located in the �2 helix region. There are 3.6 residues
er turn in an � helix, which places the side chain of Asn46 in close
roximity to Tyr50 and allows abstraction of the �-hydrogen to
roceed without distortion of the helical structure. This suggests
hat the secondary structure in this region is preserved when KIX

s transferred from the solution phase to the gas phase in these
harge states, as suggested previously [23]. In the +16 charge state,
his fragmentation pathway is no longer favorable, indicating loss
f �-helical structure in the higher charge states. The RDD results
the reverse viewpoint. (b) Tyr59–His21 and Tyr50–Phe31 are proximate. RMSD is

examining secondary structure are consistent with the data previ-
ously obtained for KIX by ECD [23].

3.4. Tertiary structure

As demonstrated previously, radical migration can also be used
to examine protein tertiary structure [16]. Tertiary structural infor-
mation is inferred from radical migrations which are distant in
sequence from the initial residue where the radical is generated.
These residues must be spatially proximate to the initial radical
site in order for migration to occur, and therefore contain infor-
mation about the three dimensional organization of the protein.
These distance constraints can then be used to drive molecular
dynamics simulations towards relevant conformational space and
help evaluate potential structures. In the case of KIX, analysis of
the RDD data is complicated slightly by the presence of multi-
ple sites of iodination. In this situation, each dissociation endpoint
must be considered in relation to several potential radical initiation
sites. For evaluation of a known structure, agreement with the RDD
data is determined by evaluating whether each radical endpoint
is within proximity of any of the potential radical initiation points.
Multiple radical initiation points will actually provide more diverse
spatial proximity information which could in theory be better for
probing a particular protein conformation. KIX has been reported
previously to preserve the known solution structure in the gas
phase for +7 and lower charge states [23]. Determining whether the
RDD data is consistent with retention of the solution phase struc-
ture in the gas phase is therefore a fairly straightforward endeavor.

Backbone dissociation at favorable radical acceptor residues
(i.e., Trp10, His21, and Phe31 which have side chains with low �
C–H BDEs) which are sequence remote from tyrosine residues is
most prevalent for the +6 charge state of KIX, as observed in Fig. 3.
The RDD data for the +7 charge state appears to bridge the results
for the +6 and +8 charge states, suggesting that a structural tran-
sition may  take place at this charge state. Evaluation of the spatial
proximity for the solution phase structure between iodinated tyro-
sine residues and sites of dissociation such as Trp10, His21, and
Phe31 (8.2 Å, 7.6 Å, and 6.2 Å, respectively) are larger than would
be expected for radical migration to be able to occur. However, local

minima structures on the potential energy surface that are within
80 kJ/mol energy of the solution phase structure are easily obtained
when these distances are reduced below 5 Å. The Trp10 and His21
sites represent different, mutually exclusive conformations where
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yr69 can bind to one or the other, but not both simultaneously
s can be seen in Fig. 4. The overall folds for both conformers are
ery similar to the solution phase structure with root mean square
eviations (RMSD) of 3.4 Å and 2.7 Å for the structures in Fig. 4a and
, respectively. Based on the backbone atoms in � helical regions
nly, all structures are within an RMSD of 2.1 Å, suggesting that
andom coil regions are more flexible than � helices. Alternative
olds were explored by constraining tyrosine residues to sites of dis-
ociation in various combinations and subjecting these structures
o simulated annealing from 2500 K to 50 K; however, no lower
nergy structures were obtained in this fashion. Furthermore, the
olution phase three-helix bundle structure of KIX is stable when
ubjected to stochastic molecular dynamics simulations at 300 K
or one nanosecond. Although this timescale may  be too short to
eflect potential structure changes that might eventually occur at
onger timescales [28], the observed stability is in agreement with
he RDD data acquired on the millisecond timescale. The influence
f charge site selection was also investigated. The relative ener-
ies and conformations adopted by KIX are not extremely sensitive
o choice of charge locations. This suggests that multiple proto-
ation conformers may  exist in reality, which may  influence local
tructural preferences (e.g., binding of Tyr69 to Trp10 or His21).

Why  is the gas phase structure of KIX similar to that found
n solution? Favorable electrostatic contributions, including salt
ridges, have been suggested previously and likely are important
23]. However, it is important to recognize that not all salt bridges
resent in solution can be retained in the gas phase. The body of
ork which has been done on the stabilization of charge sepa-

ation in the gas phase (as is required for salt bridge formation)
uggests that only arginine containing salt bridges will be stable in
he gas phase [29–31].  The significantly reduced basicity of lysine
n comparison makes salt bridge stabilization much more difficult
o achieve. With that in mind, there are several salt bridges which
hould survive in the gas phase. In particular, the Arg19–Glu55 salt
ridge is potentially important. This salt bridge is partially buried,
uggesting structural importance in solution [32], and serves to
nchor �1 to �2. In addition, the Arg42–Asp41 salt bridge may
e important to stabilize �2. Alpha helices are known to be sta-
le in the gas phase, particularly when a positive charge resides
t the C-terminus [33]. The Arg42–Asp41 salt bridge is at the N-
erminus of the �2 helix, and the salt bridge dipole is oriented to
nteract favorably with the macrodipole of the helix. Protonation
f Arg42 in the absence of the salt bridge would destabilize the �2
elix. The C-terminus of �2 is stabilized with a proton by Lys8. In
ddition, a (net) protonated salt bridge may  form between Arg90,
he C-terminus, and Arg88. This salt bridge would anchor �3 by
trongly connecting the terminal residues, and placing a positive
harge in the proper location to interact with the helix macrodipole.
his salt bridge may  explain why �3 is the most stable helical region
ccording to ECD [23]. Similarly, the lack of charge stabilization
f the helix macrodipole may  explain why �1 is the least stable
elix. Charges which do not interact with the helices can be placed
t several different locations due to the multiplicity of basic sites
hich are available in KIX. The large number of side chains with
olar groups additionally helps to ensure that these charges can be
olvated without significant rearrangement of the backbone.

. Conclusions

Results obtained by radical directed dissociation are consistent
ith the KIX domain retaining a three-helix bundle structure in
he gas phase which is very similar to the native structure deter-
ined by NMR  in solution. The native structure is retained due to a

ombination of factors. KIX secondary structure is primarily alpha
elical, a motif which has been demonstrated to be stable in the

[

[
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gas phase. The solvation of charge for the +6 and +7 charge states of
KIX can be accommodated without significant structural rearrange-
ment. Furthermore, there are numerous potential sites where the
charges can be placed, increasing the likelihood that charges will be
able to reside in locations that do not require structural rearrange-
ment. There are also several key salt bridges and favorable ion-helix
dipole interactions which likely help to hold the structure together
in the gas phase once solvent has been removed.
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