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ABSTRACT: Small molecules such as molecular oxygen, nitric oxideyang ¢ Population change
carbon monoxide play important roles in life, and many proteins require rtti@ion . ,A%:}\ "I o
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Ligand migration within a protein molecule is expected to be closely related to AN
the overall structural changes of the protein, but the detailed and quantitative ’ 2=\
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connection remains elusive. For example, despite numerous studies, how
occluded ligand migrationeats the kinetics and structural dynamics of tgg ¢ 4 }pﬁi“‘;j \
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RST transition remains unclear. To shed light on this issue, we

homodimeric hemoglobin (Hbl) with the 1114F mutation (I1114F), which is

known to interfere with ligand migration between the primary and secondary docking sites, and studied its kinetics and structur
dynamics using time-resolved X-ray solution scattering. The kinetic analysis shows that 1114F has three structurally distir
intermediates {] I,, and }) as in the wild type (WT), but its geminate CO recombination occurs directlyviidmut the path

via |, observed in WT. Moreover, the structural transitions, which involve ligand migration (the transitit;mb finchffom §

to the initial state), are decelerated compared to WT. The structural analysis revealed that 1114F involves generally smaller struct
changes in all three intermediates compared to WT.

INTRODUCTION dynamic&’5?” In this regard, Hbl @rs a simpler model
@/stem due to its homodimeric structure, and it has been

Ligand binding to a protein is a fundamental process for t died b liaand miaration duri I : lati
protein function in biology. The active site for ligand binding itudied to observe ligand migration during allosteric regulation
h various site-directed mutations that can alter the ligand

usually located inside the protein and surrounded by residuéd

: 31
that stabilize the bound ligand or the intermediate structure gfigration pathwa $ 2031 . .
the substrate. Ligand binding to a protein requires the XY crystallograpty and optical and infrared

translocation of the ligand from the bulk solvent to the acti egtroscop!c tqbqglazaso havg been used' to mvesqgate
site inside the protein, which is often facilitated by conform&?€ ligand migration pathways in heme proteins. To gain better
tional changes of the protéfn.Therefore, the ligand |nS|g.ht into Il_gqnd migration, a series of mutants, vyhlch can
migration pathway within the protein and its connection tgnedify proteisligand interactions and the ligand migration
protein conformational changes have been the topic ®@thways by introducing a voluminous residue to block the
extensive studigs®> Heme proteins such as myoglobin Putative transient ligand docking sites or to occlude possible
(Mb), hemoglobin (Hb), and homodimeric hemoglobin Migration patsh\évlays between these sites, have been made and
(HbI), which play crucial roles in life by storing and deliveringnvestigateth:**** As a result of these comprehensive studies
simple diatomic molecules, such as molecular oxygen, ni@fc the ligand migration pathways of heme proteins, for
oxide, and carbon monoxide, have been targeted for sugkample, itis known that for Mb, the ligand migrates between
studied®” the cavities inside the protein, such as the primary docking site
Hbl is an excellent model system to investigate the ligan@nd Xe sites (secondary docking sitégjhese cavities act as
linked structural changes during allosteric regdf&fidn. transient ligand docking sites, thereby reducing the possibility
Unlike Mb, which is a monomeric protein, the binding of theof the immediate rebinding to the heme group and
ligand in a multimeric protein is more complicated due to theonsequently facilitating the easy escape of the ligand from
additional eects of allosteric regulation, which generally
proceeds by a series of structural chahBesexample, the  Received: December 19, 2019
binding of the ligand (ector molecule) to one active site Revised: February 5, 2020
triggers subsequent structural changes #wtthe reactivity — Published: February 6, 2020
of a distant active site. Hb is a textbook example, but its
tetrameric structure naturally involves highly complex reaction
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the protein to the bulk solvent. It is also known that theT states with the atomic resolutidftsyt could not access the
migration of ligands requires structural changes in the protdimermediate structures and relevant kinetics. Fourier transform
that facilitate the movement of the ligand between internahfrared (FTIR) cryospectroscopy can discern the kinetics of
cavities and the binding siteHowever, despite numerous CO migration’ but it lacks information about global
studies, it remains elusive how occluded ligand migrati@ructural changes. TRXSS, also known as time-resolved X-
a ects the kinetics and structural dynamics of 8B R ray liquidography (TRXL), is a relevant tool for probing the
transition. To address this issue, information about both ligamgdobal structural changes linked to the CO migration and
migration and the global structural changes should kelevant kinetic§”*’ Due to its relatively low sensitivity to the
obtained, though this is not a trivial task. Here, we appliggbsition of the CO molecule, the kinetics observed by TRXSS
time-resolved X-ray solution scattering (TRXSS) to the I1114#ata reect the kinetics associated with the overall con-
mutant of Hbl (1114F) and compared the results with thosdormation changes rather than the CO movement itself.
from the wild type (WT) to investigate the relationship However, since it is known that 1114F interferes with the
between ligand migration and the allosteric structural chandiegnd migration pathway by obstructing the movement of the

of Hbl.

I114F is known to modify prot€iigand interaction by

ligand migration between the primary and the secondary
docking site$ it serves as an excellent model system to study

occluding possible ligand migration pathways between thee e ect of an occluded ligand migration pathway on the
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ocket and the putative transient ligand dockiniginetics of ligand migration and the structural dynamics of a
3 As shown irFigure 1the 114th residue, together protein. For example, ligand migration is expected to be

decelerated in 1114F compared to WT, but there has been no
experimental evidence supporting this prediction.

HbI(CO), :7—9&6“"5’ HBI(CO), , [ g,.f”%'
M @ N2 \-g /\ N2 EXPERIMENTAL METHODS
i 2\ \;ﬁg‘«- TRXSS data of 1114F were collected at the 14-ID-B beamline
135

of the advanced photon source (APS). The solution sample of
CO-bound 1114F Hbl(CQ)sealed in a capillary with 3.5 mM

80° 142

A “; 7
fax N A |okad | . .
. g0’ 142 a’)‘ﬁy concentration was excited by 35 ps long laser pulse at 532 nm.
= Subsequently, al00 ps long X-ray pulse probed the sample,
Figure 1.Close-up views of the heme environment of crystafNd the scattered X-ray photons were recorded as a function of
structures of HbI(CQ)for WT (left, pdb code: 3SDf and 1114F = the time delay between the laser pump pulse and the X-ray
(right, pdb code: 1JWR. Heme and some residues forming probe pulse. Time-resolved scattering curves were collected at
secondary docking sites (Xe4 and Xe2 sites) are represented by &G pump-probe time delays ranging from 100 ps to 56.2 ms
gray sticks, and heme-bounded CO molecules are shown as sphgfesr time points per decade). By taking theerdince
The 36th, 73rd, and 114th residues, which separate the primary 3hétween the scattering curve measured at each time delay point

the secondary docking sites, are depicted with their van der Wagl§d the reference scattering curve measui®d at, we
spheres (gray for the 36th and 73rd residues and blue for the 1146Bt '

. ! . . ined time-resolved elience scattering curve§qyt).
residue). Phe97 is shown as the magenta stick, which faces the su Lf . . ' .
interface in WT but faces the proximal site in 1114F. The positionslzj’fIH sample preparation, experiment, and the data processing

the Xe4 and Xe2 sites are labeled based on the crystal structure of X& provided more in detail in thepporting Information
exposed WT HbI(CQ)(pdb code: 3G48).

RESULTS AND DISCUSSION

with the 36th and 73rd residues, forms a channel for th€he time-resolved dirence X-ray solution scattering curves,
migration of a photodissociated ligand between the primarySqt), for 1114F, as shown figure 2were measured after
docking site (distal pocket) and the secondary docking sittise photodissociation of CO ligands from the initial 1114F
(Xed4 and Xe2 sites). This channel is relatively free fromlbl(CO), for time delays from 100 ps to 56.2 ms. To obtain
obstruction in WT, Phell4 in 1114F makes this channahe number of reaction intermediates and time constants of the
narrower? As a result, the geminate recombination wouldeaction, we performed a singular value decomposition (SVD)
occur only from the primary docking site in 1114F, whereas &nalysis on the TRXSS data. The analysis revealed that the
also occurs from the secondary docking sites it WT. same kinetic framework involving three structurally distinct
addition, since the steric hindrance imposed by Phel14 of theermediates (termed, Il,, and } according to their
mutant restricts the ligand-linked heme movement deep intippearance time), which were previously iddrfor WT>
the subunit in the liganded state of 1114F, the structure of thean also be applied for 1114F on the basis of the number of
liganded state of I114F is mainlgaied by the mutation. signicant singular componentsgure Sy We t the rst
More specically, the hengheme distance and the subunit three right singular vectors multiplied by their singular values
rotation angle in the liganded state of 1114F are similar twith the sum of the exponentials, as shoWigime S4dand
those in the T state of WT, that is, the unliganded state of WTbtained six time constants of 6496) ps, 23£1.5) ns, 990
Accordingly, the heme movement and the intersubunitt190) ns, 7.6%£1.0) s, 3.2 £0.41) ms, and 2%@4) ms,
rotation involved in the §¥ transition are reduced in whereas seven time constants were found for WidTbe
1114F% optimal kinetic model based on the observed time constants,
The static structures of 1114F have been studied by X-rdlye number of intermediates at each time delay should be
crystallograph¥,and the ligand migration in 1114F has beendetermined. The number of intermediates in a certain time
studied over wide time and temperature ranges using opticahge can be obtained accurately through SVD analysis of
and infrared spectroscaPy: An X-ray crystallographic study reduced time ranges (see fhaporting Informatiofor the
has revealed detailed structurardinces between the R and detailed procedures). As a result, the optimal kinetic model for

1551 https://dx.doi.org/10.1021/acs.jpcb.9b11749

J. Phys. Chem. 820, 124, 15581556


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b11749/suppl_file/jp9b11749_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b11749/suppl_file/jp9b11749_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b11749/suppl_file/jp9b11749_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b11749/suppl_file/jp9b11749_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b11749?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b11749?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b11749?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b11749?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.9b11749?ref=pdf

The Journal of Physical Chemistry B pubs.acs.org/JPCB

(Figure 8) and the species-associate@rdnce scattering
(SADS) curves of each individual intermediageie 8). To
distinguish the intermediates for WT and 1114F, we laheled |
I, and § of WT as VT, LT, and {VT, respectively, and
likewise labeled those of 1114F ,4%* 1,4 and §14F,
respectively.

The kinetic models for 1114F and WT are shoviiginre
3a,b% respectively. Both have three structurally distinct
intermediates. The earliest intermediateis|formed by
laser excitation from the initial state within our experimental
time resolution of 100 ps. In 1114F, 16% gfdoes back to
the initial 1114F HbI(CO)by the geminate recombination of
CO with a time constant of 640 ps, and the rest transforms
into the second intermediatg with a time constant of 23 ns,
which is substantially (about seven times) slower than that of
WT (3.2 ns). The geminate recombination pathway has a
smaller fraction (16%) in spite of its faster time constant

Figure 2.Time-resolved dérence X-ray solution scattering curves, compared to thg-to-|, transition pathway, indicating that the
Sqt), measured for a solution sample of 1114F. Experimentgleminate recombination and th&oll, transition processes
curves (black curves) are compared with theoretical curves (rege not kinetically controlled (see $hwpporting Information
curves) ge.nelrated py Ii.near combinations of left singular vectors baﬁﬂddetails). The subsequent biphastio-L transitions, which
on the optimized kinetic model. are interpreted as th&Rtransitions of two substates of fully
and partially photolyzed forms, occur with time constants of
I114F (Figure @) is found and compared with that of WT 990 ns and 7.6s in 1114F, similar to those of WT (730 ns and
(Figure B).>° Note that the latest two time constants are5.6 s). The last intermediatg, does back to the initial 1114F
replaced by a bimolecular rate constant in the kinetic modéibl(CO), state via the bimolecular CO recombination with a
The main dierence between 1114F and WT is the fact thatbimolecular rate constant of 47 PP, which is two times
I1114F has a dérent geminate CO recombination pathway,slower than that of WT (95 nis>).
which is responsible for the lack of one time constant in 1114F.The unveiled kinetics shows that there are twocsigtly
As shown inFigure 2 the theoretical dérence scattering decelerated transitions in I1114F. Because the occluded ligand
curves (red curves) obtained from the kinetic model are imigration pathway in 111##° is expected to decelerate the
excellent agreement with the experimentakdice scattering ligand migration between the primary and the secondary
curves (black curves) at all time delays. From the kinetiocking sites and TRXSS measures global structural changes
analysis, we obtained the time-dependent population changather than the ligand migration process itself, we can infer that

Figure 3.(a, b) Kinetic models for 1114F and WT. The red (W@K") and white symbols represent ligated and photolyzed subunits,
respectively. To indicate the three structurally distinguishable intermediatesrsvithtatiiary structures, the subunit of each intermediate is
presented with a dirent shape. For all three intermediates and HJ@®)14F, two subunits are described as rotating with respect to the
other, reecting the quaternary structuralkedénce with respect to the R state of WT, that is, the liganded state of WT. For WT§ only |
represented in such a way, indicating that the quaternary transition involving subunit rotation ocguhs tr@yindtic model for WT, two
connected red octagons represent a ligated formvdiidh is formed by the geminate recombination of CO yatidlis structurally
indistinguishable from the photolyzed forms (two connected white octagons and the white-red mixed @nespofdation changes of the

three intermediates and initial Hbl(G@$ a function of time for 1114F (red) and WT (black). The lines correspond to the populations obtained
from the kinetic analysis. The open circles correspond to the optimized populations oltaigetidgxperimental curve at each time point

with a linear combination of SADS curves for the three intermediates. (d) SADS curves of the three intermediates for 1114F (red) and WT (black)
The scaled curve af't*F (blue) has a shape nearly identical to that*df but with a smaller magnitude by 2.8 times.
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the decelerated structural transitions manifested in the TRX&®nti ed as the intermediate arising from t8& Ransition,

data of 1114F would involve CO migration between thahe SADS curves of 1114F and WT have nearly identical
primary and the secondary docking sites. rEhdecelerated shapes, whereas the magnitude of the SADS curve of [114F is
process is thg-to-l, transition. Since the intermediate is 2.8 times smaller than that of WT (the lower pariebafe

formed directly after photodissociation within 100 ps, CQd). The identical shapes with @fient magnitudes suggest
should still likely be in the primary docking site. Thus, théhat the trend of structural changes between the liganded state
delayed ,Ho-l, transition by the mutation means that the and L in WT is maintained in 1114F similarly, while the
structural transition fromtb |, involves the migration of CO amount of the structural change is less pronounced in 1114F
from the primary to the secondary docking sites. Thésee theSupporting Informatidior details). This observation
signi cant deceleration of thetd-l, transition observed in is consistent with the result expected from the previous
I114F was not observed in TRXSS studies on other mutartsystallographic stutfyDue to the restricted heme move-
such as F97Y and T72V’ where their ligand migration ment, the liganded state of I114F has a structure closer to the
pathways are not expected to bected by the mutations, T state of WT rather than the R state of WT.

supporting that thej-to-I, transition is related to ligand We conducted a structuremement analysis on the SADS
migration from the primary to the secondary docking sitesurves to extract key structural parameters of each intermediate
The second decelerated process is the bimolecular C&ructure according to the protocol established in our previous
rebinding of 4 As Phel14 makes the access of CO to thetudy on WT> The detailed procedures are given in the Sl.
active site dicult, the bimolecular CO recombination can beThe rened candidate structures are obtained from the
slowed as well, which is consistent with the resulsstof  analysis, and their theoretical scattering patterns show excellent
photolysis and oxygen equilibrium binding sttdies.On agreement with the experimental SADS curigs¢ SP

the other hand, other major processes, the biphasic structuféle three key structural parameters, the displacement of the
transitions from,lto I, in 1114F are not delayed and have residues, the hefieeme distance, and the subunit rotation
rates similar to those of WT. This means thattteld angle, are extracted from the sets of theedecandidate
transition is not likely to involve the movement of CO betweestructuresKigure 3. The rst and the other two are relevant

the primary and the secondary docking sites. According tot@the tertiary and quaternary structural changes, respectively.
previous structural analysis of WT, it is known {¥aahd The absolute displacements of the residues for the three
I,YT have structures close to the R state of WT, whgféas | intermediates, related to the tertiary structural changes, are
has a structure close to the T state of*Wherefore, we
expect that the CO migrates from the inside of the protein to
the bulk during the-to-I; transition.

In addition, 1114F has a drent geminate recombination
pathway compared to WT, which supports our interpretation
of the CO migration during the transition betweand }. In
WT, the geminate recombination occurs from the |
intermediate. A part of transforms into a ligated form of |
(the two red octagons Figure B), and then subsequently
returns to the initial liganded state. In contrast, in 1114F, the
geminate recombination occurs frgmdt . According to an
FTIR cryospectroscopic study, which is sensitive to the CO
position, the geminate recombination occurs only from the
primary docking site in 1114F; in contrast, in WT, it occurs
from both of the primary and the secondary docking’Stes.
comparing the previous FTIR study and our TRXSS results, we
can infer the location of the ligand (CO molecule) in,the |
and } intermediates. The geminate recombination in 1114F is
likely to occur directly from rather the primary docking site
than the secondary docking sites since the Phell4 residue
disturbs the movement of the ligand from the secondary to the
primary docking sites, thereby blocking the || transition.
These dierences in the geminate recombination kinetics

between the 1114F and WT suggest that the ligand ip the kigyre 4.(a) Absolute displacement as a function of the residue for
and | intermediates resides in the primary and the secondaie candidate structures of three intermediates for 1114F (red) and
docking sites, respectively. WT (black). For the calculation of the displacement, the reference
The SADS curves shownFigure 8, extracted from the structure for 1114F is its liganded crystal structure, whereas for WT, it
kinetic analysis, contain the structural information of eadh its liganded crystal structure. (b, c) Occurrence distribution of (b)
intermediate. The dérence in the amplitude between the the hem8heme distance and (c) the subunit rotation angle for the
SADS curves of 1114F and WT is attributed to thezatice candidate structures of 1114F (red) and WT (black) with respect to
in the magnitude between the structural change occurring tip]e R state of WT. The values from the crystal structures for the

. . . liganded state of WT and 1114F are indicated by the blue and green
I114F and WT (see tfiupporting Informatidor details). As vertical solid lines, respectively, and those for the unliganded state of

shown in the upper panelfafure 8, the SADS curves of \wT and 1114F are likewise indicated by the blue and green vertical
I114F have smaller amplitudes than those of the WT for ajbtted lines, respectively. The pdb codes for liganded WT, unliganded
intermediates, suggesting that the degree of structural chang®Ts liganded 1114F, and unliganded 1114F are 35BSDH>*
smaller in 1114F. Notably, in the case s;pfwhich was 1JWN5?2 and 1JZK? respectively.
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shown inFigure 4. This gure visualizes the degree of kinetics and structural dynamics were elucidated by comparing
movement of the residues with respect to the referendhe TRXSS data from WT and [1114F, which is known to
structure. Here, we deed (i) the position of a residue as the occlude ligand migration between the primary and the
distance between the @tom and the iron atom of the heme secondary docking sites. The kinetic analysis of the TRXSS
in the same subunit, and (ii) the displacement of a residue data revealed that I1114F has a kinetic framework with three
the dierence in the positions between the candidate anstructurally distinct intermediateg (3, and }), as in WT.
reference structures. The reference structures of WT afdom a comparative study with WT, we found that two
I1114F are their own static crystal structures of the ligandedructural transitions (the-fo-1, transition and the
state (pdb codes WT: 3SBHand 1114F: 1JWHN). For all bimolecular recombination gf &re signicantly delayed in
three intermediates, the area under the absolute displacemidrit4F. Therefore, we suggest that they involve ligand
curve of 1114F is smaller than that of WT, meaning that I114fmigration between the primary and the secondary docking
undergoes less structural changes during the transition to eaiths. We also found that the geminate CO recombination
intermediate. In the case @f the magnitudes of the occurs from the intermediate instead of thertermediate
displacements are much smaller in 1114F than in WT, whereasl114F. A structural analysis using the SADS curves of the
the directions of the displacements in I1114F are similar tthree intermediates revealed that the restriction of heme
those in WT. Hence, the magnitude of the structural changesovement by Phell4 reduces the degree of allosteric
involved in the transition tq is greatly reduced in 1114F, structural change, which is consistent with results from the
whereas the direction of the structural changes remains tbiystal structures. The delayed andcerdint structural
same in WT and 1114F. This is fully consistent with the fadransitions caused by the obstructed ligand migration indicate
that the shape of the SADS curvgdfflis identical to that of ~ that the mutation causes both the deceleration of ligand
I;VT but with a smaller magnitude by 2.8 times. migration and the alteration of the conformation change
The occurrence distribution of the h8hmme distance  during the protein dynamics.
and the subunit rotation angle of the intermediates for 1114F
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