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a b s t r a c t

The hydrogen/deuterium exchange (HDX) method is useful to analyze kinetics of large macromolecular
complexes, although its time resolution requires further improvement. A newly developed micro-reactor
chip was made of polydimethylsiloxane with a 100-�m deep and wide microchannel. The channel in the
chip has two mixing points of Y-shaped flow and allowed us to shorten time durations from the start to
eywords:
/D exchange
ibosome
ynamics
icro-reactor

quenching for the HDX in 70S ribosome with high temporal resolution. This device enabled us to quench
the deuterium incorporation at as early as 20 ms, detecting structural changes of individual ribosomal
proteins in solution at the time scale comparable to a single reaction cycle for the peptide elongation.
The profile of deuterium incorporation in individual proteins of the complex was superimposed on the
X-ray crystal structure to depict the surface HDX map, revealing localization of protein movement in the
ribosome. The current method serves as a useful method to visualize the regional movement of large

h tem
apid quenching macromolecules with hig

. Introduction

Hydrogen/deuterium exchange (HDX) study of proteins is a
uantitative technique to examine protein dynamics and solvent
ccessibility through determining the exchange rates and ratios
or the replacement of amide hydrogen with deuterium on a main
hain of the protein of interests [1]. When combined with X-ray
rystallography, the HDX analysis by mass spectrometry provides
nformation of structural dynamics of proteins in solution, indicat-
ng functional movements and interactions in the macromolecular
omplexes. This technology thus enables us to develop new fields
n protein dynamics and functional intermediates [2,3].

The E. coli 70S ribosome is a heterogeneous macromolecular

omplex (MW: 2.3 MDa) comprised of 55 proteins (these proteins
re named as “S1, S2, ···” and “L1, L2, ···”) which are assembled
nto the complicated and asymmetric structure by noncovalent
ntermolecular interactions with three ribosomal RNAs (rRNA). In

Abbreviations: HDX, hydrogen/deuterium exchange; MALDI, matrix-assisted
aser desorption/ionization; MS, mass spectrometry; TOF, time of flight.
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poral resolution sufficient to examine protein dynamics.
© 2010 Elsevier B.V. All rights reserved.

previous studies, information collected by X-ray crystallography
combined with cryo-electron microscopy provided evidence for
structural differences in regional domains before and after the pep-
tide elongation step [4–7]. However, such information is rather
static, lacking in dynamic characterization of the movement of the
domains and their spatio-temporal relationship to mechanisms for
peptide elongation.

The HDX analysis supported by MALDI-TOF MS might serve as a
potentially important method that overcomes the aforementioned
limitation [8,9]. For rapid HDX measurements with reliable tempo-
ral resolution, several technical difficulties remain to be overcome:
First, reducing amounts of individual reactants and proteins is cru-
cial to achieve high temporal resolution. Such an approach was first
performed in a previous study using multiple glass capillaries and
connectors [10]. Second, reliable mixture of the reactants would be
confirmed in the microreactor circuit. Finally, of great importance
is accurate termination of the reaction in the circuit prior to sam-
ple transfer to MALDI-TOF MS. Taking these factors into accounts,
we have herein developed a novel micro-reactor chip that made
it possible to carry out accurate pulse labeling of deuterium and
to achieve millisecond order of time resolution for reliable mix-

ing and quenching the reactions, allowing us to analyze structural
movement of 70S ribosome at the millisecond order in solution.
The profile of deuterium incorporation into ribosomal proteins was
superimposed on the X-ray crystal structure to depict the HDX
surface map, revealing localization of protein movement in this

dx.doi.org/10.1016/j.ijms.2010.08.029
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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acromolecule ribosome at the time scale for the reaction cycle
f peptide elongation.

. Material and methods

.1. Design of the micro-reactor chip

Micro-reactor chips have widely been utilized in device fields
f chemistry to result in many advantages including down-sizing
olumes of chemical reactants and shortening the reaction time.
urthermore, these methods allowed us to design the shape
nd length of flow path that guarantee the accurate control for
tarting and quenching chemical reactions as desired conditions
11].

We herein designed the micro-reactor chip as depicted in Fig. 1.
olutions mainly flow through channels with 100-�m depth and
idth, mixing with different solutions at two Y-shaped channels.
fter passing at these mixing sites, zigzag area (2.7 nL) with a path
f 50-�m wide was placed to guarantee sufficient mixing of the

amples flowing from the different paths. Such a micro-reactor chip
as made of polydimethylsiloxane by Fluidware Technologies Inc.,

nd the mixing efficiency was observed through a microscope (BX-
1, OLYMPUS Corporation).

ig. 1. Designed micro-reactor chip. A and B are drawings for designs of the micro-
eactor chip and the mixing channel, respectively. C is an appearance picture of the
icro-reactor chip. The unit of widths are mm.
ass Spectrometry 302 (2011) 132–138 133

2.2. Chemicals

Ribosome were purified from E. coli A19 by hydrophobic chro-
matography and ultracentrifugation with a sucrose cushion buffer
[12], and were stored at −80 ◦C after resolving in 10 mM Tris buffer
(pH 8.6) including 7 mM ˇ-mercaptoethanol and 10 mM magne-
sium acetate. D2O (99.9% atomic D) and acetic acid-d (99% atomic
D) were purchased from EURISO-TOP and IsoTec, respectively. All
other chemicals were of analytical grade.

2.3. Normal quenching of HDX

Deuterium incorporation was initiated by mixing 90 �L of D2O
with 9 �L aliquots of approximately 10 �M ribosome solution in
1.5-mL centrifuge tubes at 22 ◦C; the H:D atomic ratio was 1:10. The
pH of mixture in reaction was 7.1 − 7.2, and the Mg2+ concentration
was prepared as 5 mM. After 20, 60, 600, 1200, and 12000 seconds,
5 �L of the reaction mixture was removed, and the exchange reac-
tion was quenched by adding 2 �L of 10% acetic acid (H:D = 1:10,
pH 2.9) and freezing with liquid nitrogen. The HDX experiment
for 200 min was a separate experiment using similar methods in
previous studies [8,9].

2.4. Rapid quenching of HDX

Deuterium incorporation was initiated by mixing D2O solution
with ribosome solution at 22 ◦C in a designed micro-reactor chip;
the H:D atomic ratio was 1:10. After 20 and 148 milliseconds, the
reaction mixture was substantially quenched by mixing with 10%
acetic acid (H:D = 1:10, pH 2.9); the reaction solution: acetic acid
ratio was 5: 2. About 7 �L of substantial quenched solutions were
frozen with liquid nitrogen. All solutions were flowed in micro-
reactor by syringe pumps (Model 11 plus and PHD2000, HARVARD).

2.5. Mass spectrometry

A portion of quenched solution was mixed with 10 mg/mL 3,5-
dimethoxy-4-hydroxycinnamic acid in 70% acetonitrile containing
0.2% trifluoroacetic acid, and loaded on the sample plate for MALDI.
At three minutes after loading the sample plate under a pressure
of 7 Pa, the plate was set up for MALDI-TOF mass spectrometer at
10−4 Pa.

All mass spectra were measured using MALDI-TOF mass spec-
trometer (Voyager DE-PRO, Applied Biosystems). Peaks were
identified in a previous study [8], and overlapped peaks were
deconvoluted to each peak as Gaussian type by the graph software.
The spectrum was distributed over a wide range of masses, and
hence was calibrated by separating into six regions: 3000 − 7000,
7000 − 11000, 11000 − 15000, 15000 − 20000, 20000 − 25000, and
25000 − 32000 m/z. The spectra of deuterated ribosomes showed
similar peak patterns, and it was possible to detect 52 peak shifts
associated with HDX. Thus, we could use MS to successfully analyze
deuterium incorporation of 52 ribosomal proteins.

2.6. Analysis

All masses were read from the centroid values of each peak. Deu-
terium incorporation, D, was calculated by the following equation:

D = (Mt − Mside)/(M100% − Mside)
Where Mt is the mass of each protein after exposed time (t) to
D2O from starting H/D exchange. M100% and Mside are fully deuter-
ated masses of all residues and side chains only, respectively, at
H:D = 1:10. Then, the exchange of side-chain protons is completely
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Fig. 2. Mixing test of micro-reactor chip by microscopy. Pictures show mixing
states between 1 mg/mL ribonuclease A and D2O at four flow rates, 2.53, 110, 220,
and 880 �L/min, in the region from zigzag to reaction area. The Picture of flow at
880 �L/min was increased the contrast to indicate liquid-liquid interfaces clearly.
White arrows indicate liquid-liquid interfaces. Flow rate at 2.53 and 110 �L/min
enough mixed two solutions, but streams at 220 and 880 �L/min made the laminar
and immiscible turbulent state, respectively.
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erminated by acid quenching. H/D exchange was carried out three
imes at each quenching time, and deuterium incorporation show
he average. In this experiment, errors of incorporation into each
rotein were < 0.05. The back exchange of H for D was calculated
s < 0.03% using 100% deuterated melittin.

. Results and discussion

.1. Performance of the micro-reactor chip

The performance of the newly developed micro-reactor chip
as examined by direct observation of the liquid interface between
mg/ml ribonuclease A and D2O through microscopy. Proteins con-

acted with D2O from another path in the fist Y-shaped channel.
hese solutions gradually mixed through the turbulent flow in
igzag area, which have a narrower path of 50-�m wide. When
he incompletely-mixed solution was transferred to the down-
tream reaction area with 100-�m width, protein molecules were
ixed with D2O completely through the diffusion effect. After short

uration for HDX, the deuterium incorporation substantially was
uenched by acetic acid at the second mixing channel with the
ame shape.

The duration of the HDX reaction in the present chip system was
etermined by the flow rate in the reaction area, although faster
olution sending generally generates immiscible state by laminar
ow. To explore the minimum reaction time with an enough mix-

ng efficiency, protein and D2O were pumped into reaction area
t various flow rates, observing liquid-liquid interfaces (Fig. 2).
t 880 �L/min, D2O and protein kept the immiscible state at the
uenching point, although the reaction solution was turbulent. The
xamination at 220 �L/min also showed a clear line (laminar flow)
f the interface between solutions. On the other hand, the line
isappeared with the enough efficiency at 110 and 2.53 �L/min.
inally, HDX of ribosome complexes was examined at 55 �L/min
D2O: 50 �L/min, and protein solution: 5 �L/min), which is a half
f 110 �L/min. The exchange time was defined as 20.1 ms from this
ow rate. Then, because mixed and unmixed samples exist in zigzag
rea, this chip system allows us to define the transit time as mix-
ng error which is ±2.7 ms. In this case, the chip system guarantees
he accurate quenching through the following methods; Syringe
umps sent substantial quenched proteins from the second mix-

ng channel to the exit in 1 s. A part of the sample was taken from
he stream and quenched deuteration completely by freezing with
iquid nitrogen.

.2. Deuterium incorporation in ribosome

To monitor peak shifts of each protein by deuterium incor-
oration, the base spectrum of the undeuterated ribosome was
easured under the same conditions as in the HDX experiments

Fig. 3). Ionized ribosome particles by MALDI were separated into
rotein and rRNA components, using positive ion mode in the range
f 3,000-32,000 m/z; therefore, their peaks correspond to riboso-
al proteins and are not negatively charged rRNAs. We succeeded

n observing analyzable peaks of 52 ribosomal proteins from this
pectrum. When ribosomes contacted with D2O for 20 ms in micro-
eactor, all protein peaks shifted to higher m/z. The inset in Fig. 3
hows peak shifts of typical S5 protein, the peak of which at 20 ms
ndicated lower and wider m/z than 200 min. A dispersed peak in
DX spectra generally means that the protein incorporates deu-
erium at various ratios, which comes from the number of more
table conformations than the detection time. Fig. 4 showed time
ourses of HDX by calculated deuterium incorporations from peak
hifts of 52 proteins. The observation time was in a range between
0 ms and 200 min as indicated by logarithmic scale for x-axis.

30000250002000015000100005000

m/z

Fig. 3. Mass spectrum of the undeuterated ribosome. Inset shows mass spectra of
S5 in H2O and D2O, incubated for 20 ms and 200 min.
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Fig. 4. Time course of deuterium incorporation into ribosomal pr

o note is that sufficient deuterium incorporation occurred in all
rotein components at as early as 20 ms, suggesting a quality of
ixing. Another important observation is that the incorporation

atio of the individual protein increased gradually as a function of
ime without any artificial back exchange from atmospheric H2O
hat might occur if quenching procedure is eliminate. These results
uggested enough efficiency of mixing and reliable quenching by
he micro-reactor chip.

Variance of the HDX ratios among 52 individual proteins at
0 ms and 200 min was depicted in Fig. 5 as gray and closed
olumns, respectively. The open columns indicated the ratios of
onhydrogen-bonding protons on the molecular surface of each
rotein, that are calculated on the basis of X-ray crystallographic

nformation of 70S ribosome [13,14].
So far as judged from the data in Fig. 4, the deuterium incorpora-

ion at 20 ms appeared to reflect conformational effects rather than
rimary structure effects, because extrapolation of the exchange
rofiles measured at later time point was not greatly deviated
rom the corresponding data points measured at 20 ms. However
ince deuterium incorporation data at earlier time points generally
nclude both primary-structural and conformational effects under
he current solvent conditions at pH 7 [15], roles of the former effect
hould carefully be considered in future study.

Because time scale of ribosome kinetics exists about 50 ms, the
euterium incorporation in this examination mainly depends on
he movement in the time scale of a single reaction cycle for peptide
longation, including information of molecular surface. In previous
tudy, elongation rate of peptide in vivo was reported as 8-20 s−1

16], and the elementary steps as EF-G binding and GTP hydrolysis
n vitro have rates at 140 and 250 s−1, respectively [17–19]. Because
his time scale corresponds the shorter duration than the elonga-
ion rate of peptide but longer than each elemental step, the HDX
ime for 20 ms means the most reasonable scale for measuring con-

ormation changes of each elemental step. If the detection time is
horter than the elemental step, HDX would provide unclear infor-
ation because of the unsynchronized movements of all molecules

n solution. On the other hands, HDX data at 200 min indicates the
atio of flexible region in individual proteins. Deuterium incorpora-
100001000100

e / s
1000010001001010.10.01

Log time / s

s. These protein data are arranged in order of molecular weights.

tions of all ribosomal proteins apparently completed after 200 min
[8]. Strong hydrogen bonds and core region in macromolecules
disallow amide group to incorporate deuterium. Therefore, the
number of protected protons for 200 min shows the ratio of rigid
or core structure in each protein. In Fig. 5, initiated HDX of ribo-
some by mixing with D2O suggested incorporations of deuterium
in the ratio from 0.00 to 0.39 (average 0.17) at once. Those pro-
teins were deuterated in the ratio from 0.25 to 0.77 (average 0.54)
at 20 ms, and from 0.56 to 0.93 (average 0.78) at 200 min. Protons
finally remained at the ratio from 0.07 to 0.44 (average 0.22).

Fig. 6 show the HDX map at 20 ms and 200 min, colored each
ribosomal proteins depending on the magnitude of HDX in the
X-ray crystal structure [13,20]. The ribosome structure for 20 ms
disallowed many deuterium to incorporate into S3, S20, and L2,
which locate near the entrance of mRNA, Spur, and interface
between 30S and 50S subunits, respectively. On the other hand,
S6 and S12 showed higher exchange ratios for 200 min, but their
mass shifts after 20 ms were normal value. The micro-reactor chip
for the first time visualized individual deuterium incorporation of
ribosome at the time scale comparable to a single cycle for peptide
elongation, which is unavailable by pipetting.

3.3. The structure − movement − function relationship of
ribosomal proteins

The movement of individual proteins has important roles in the
structure − function relationship of a whole ribosome. Deuterium
incorporations at 20 ms and 200 min provided new explanation
for the relationship in this experiment. Because the HDX profile
at 20 ms showed different pattern with 200 min in Fig. 5, proteins
in flexible regions incorporate many deuterium at early time scale.
In the time scale for 20 ms, one of the largest movements is the
inter-subunit rotation in the translocation, which is carried out a

few times in this time scale. Hence, it is reasonable that L2 near
the axis of rotation was most protected from D2O in all proteins of
interface between subunits.

About the entrance (S12, L16, and L25), exit (L31 and L33), and
frame shift region (S13) of tRNA, relative proteins in these areas
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ighly incorporated deuterium in both of exchange times. These
DX profile show that three binding sites of tRNA (A, P, and E sites)
uctuate functionally and have flexible structures, suggesting that
he binding and recognizing of large and diverse tRNAs depend on
arge movements. On the other hand, S3 and S4 around the entrance
f mRNA incorporated little deuterium for 20 ms (S3: 0.22 and S4:
.39), although the exchange ratio of S4 (0.72) became the normal

evel at 200 min. Therefore, S4 has a standard flexibility but needs
mall motion at early time scale, and S3 has rigid structure at both
ime scales. In previous study, higher Mg2+ concentration stabilized
ibosome structure and increased the activity of GTP hydrolysis,
owever S3 kept a rigid state at lower Mg2+ than other proteins [9].
DX of these protein shows that the entrance of mRNA is rigid in the
arly time scale, predicted two unknown roles in S3; (1) unfolding
f mRNA structure and (2) cleaning up ligands (small RNA chains,
ositive charged compounds, and metal ions etc.) on mRNA.

About the transport of nascent peptides, five proteins exist in the

unnel (L4 and L22) and exit (L23, L24, and L29). Proteins around
he exit incorporated little deuterium at both exchange time, while
4 and L22 in tunnel was little at only 20 ms. From HDX experi-
ent for 200 min, The tunnel are possible to pass nascent peptides

aving various sizes and polarities without the clogging by the flex-
orporations at 20 ms and 200 min, respectively. White columns indicate theoretical
and exposed protons to bulk solution in X-ray structure (calculated with PDBID:
se of disordered structures in 70S ribosome, and only L1 was calculated with 1VOR

ibility. Then, the L23, L24, and L29 behave as the rigid structure,
although the exit hole enough contact with bulk solution. On the
other hand, tunnel and exit proteins incorporated little deuterium
at 20 ms (L4: 0.35, L22: 0.43, L23: 0.43, L24: 0.40, and L29: 0.38),
although nascent peptides dynamically move near them. Therefore
HDX profile and map show that nascent peptides get the driving
force of the transport from others.

L7/L12, L11, and L1 as stalk proteins were predicted to incor-
porate many deuterium at 20 ms, because static structures showed
disordering of the electron density by X-ray crystallography. How-
ever, HDX of stalk proteins were normal or lower level in early
time scale, incorporated many deuterium at 200 min. Therefore,
the movement of these proteins may spend a long time over 20 ms
and/or need trigger such as ligand binding.

About the other proteins of 30S subunit, the rigid structure exist
in area among the platform, body, and spur, because S8, S15, S17,
and S20 incorporated little deuterium for both 20 ms and 200 min

(Fig. 6). In, addition, these proteins are also known as contrib-
utors to structural formation in the primary stages of assembly
[21–23]. These evidences mean that the basis of 30S subunit struc-
ture formed around this area, and four proteins are casted in the
stabilizer of 16S rRNA. On the other hand, the neck area consist
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. Conclusion

Here we designed a micro-reactor chip which enables us to
emonstrate HDX with high temporal resolution. This chip device
as the performance of rapid quenching at 20.1 ± 2.7 ms, detect-

ng structural changes of 52 ribosomal proteins in solution at the
ime scale comparable to a single reaction cycle for the peptide
longation. The comparison of HDX profile and the map at 20 ms
nd 200 min elucidated novel characteristic behavior of individual
roteins of ribosome in solution., The data in the different time
cale suggested that the localization of protein movement plays
mportant roles in the peptide elongation and complex stability. In
uture work, rapid quenching HDX of reaction intermediates using
he current micro-reactor chip technique will progress the definite
lucidation for structure − function relationship of ribosome and

ther macromolecular complexes.

Refinement of design of the micro-reactor chip will help us
chieve greater time resolution for rapid quenching that enables
s to analyze structural changes involving individual reaction steps
y rearranging the shape of flow paths and solvent conditions.
3,20]. Light gray indicates rRNA molecules and the color of each proteins depends
10 and S21.

Development of the HDX analyses with sub-millisecond resolution
deserves further efforts, provided that collection of the data from
such analyses provided direct evidence for molecular dynamics
simulation of various macromolecular complexes using supercom-
puter.
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