
Reviewers' comments: 

Reviewer #1 (Remarks to the Author): 

Single-molecule multi-parameter and time-resolved spectroscopy is a powerful approach for 

characterizing inhomogeneous and complex chemical rate processes of enzymes. Conformational 

motions of enzymes at the single-molecule level are often dynamic and stochastic. Obtaining 

molecular level insights into conformational transition dynamics of enzymes from the inactive state 

to the active state and/or productive vs non-productive conformational motions are the 

fundamental problems for understanding enzymatic catalytic and conformational dynamics. 

Patterned/ordered exponential-to-nonexponential Gaussian-like distributions of the time duration 

in forming the active state (ES*) through multiple-intermediate conformational states, the 

bunching feature of conformational motion (bunching effect), and multiple pathways of enzymatic 

reaction product releasing have been observed and reported in recent years, but the detailed 

identification of the transient and fluctuating intermediate enzymatic states are still a high 

challenge for experimental advancement in modern biology. In this manuscript, the authors have 

demonstrated an elegant study to characterize the single-molecule structure-dynamics-function 

study of complex T4 lysozyme enzymatic reaction dynamics and mechanism. This is a highly 

significant and important work from both technical demonstration and scientific knowledge 

advancement perspectives. This study significantly advanced, technically and conceptually, the 

protein function-dynamics-function knowledge and approaches that the dynamic structural biology 

of T4L plays a critical role in an enzymatic reaction function by using a novel and state-of-the-art 

combining single-molecule and ensemble multi-parameter fluorescence detection, EPR 

spectroscopy, mutagenesis, and FRET-positioning and screening, which provides a direct 

characterization of three short-lived conformational states within the conformational landscape of 

the T4L over the ns-ms. The manuscript is well written, and it should be publishable after a minor 

revision. Considering the significance of this work, I recommend an urgent publication of this 

manuscript. I have the following suggestions for the authors to consider in a revision: 

(1) In abstract and conclusion of the manuscript, the authors stated that” The present 

fluorescence spectroscopic toolkit is anticipated to accelerate the development of dynamic 

structural biology.” Single-molecule enzymology has come a long way since the early 

demonstrations of the single-molecule spectroscopy studies of enzymatic dynamics about two 

decades ago. The rapid developments of this fundamental protein dynamics field are hand-in-hand 

with the new developments of single-molecule imaging and spectroscopic technology and 

methodology, theoretical model analyses, and correlations with biological preparation and 

characterization of the enzyme protein systems. For a broader readership, it should be beneficial if 

the authors can elaborate this statement to give more specifics on how the complex and 

fluctuation conformational states may play critical roles in an enzymatic reaction and how this 

reported approach provides a novel capability for specifically addressing such important and 

broadly relevant problems for the modern biology, beyond the enzymatic enzymology as the 

authors have demonstrated beautifully in the work. 

(2) It would be good for the readership to add a paragraph before the conclusion or in the main 

text to discuss the complexity of the local environment and individual molecule fluctuation 

dynamics at the enzymatic reaction active site. 

(3) It will beneficial for a broad readership to appreciate the significance of the technical and 

biological broad impact if the authors may consider adding an explanation in the supporting 

information on (1) the technical details of the biological enzymatic reaction assay; (2) the photon 

stamping spectroscopic detection on timing and time resolution: an essential description for a 

broader readership; and (3) the typical limitations of the complex technology, and some future 

possible alternative advancement for addressing more complex protein dynamics problems in 

studying single molecule in living cells or in a crowding molecular environments. 

Reviewer #2 (Remarks to the Author): 



The authors use an impressive combination of methods to investigate T4 lysozyme (T4L). In 

particular, they use various single molecule fluorescence based methods and EPR spectroscopy 

supported by biochemical assays. The findings are novel and they will be of interest to others in 

the community. In my opinion, they have a large potential to influence thinking in the field. 

First the authors find a third new state for T4 lysozyme in addition to the two previously known 

states. In my view this third state is very convincing in particular as 33 distances were screened. I 

do not understand, why the authors do not show a model (structure) for this C3 state. If I 

understand correctly, all data is already in Figure S5 and a structure would be nice to see. 

Second, the authors characterize the dynamics and function of this C3 state and its connection to 

the C1 and C2 states. This is not as convincing as the existence of this third state. I still do not 

fully understand the line of arguments here, probably answering the following questions would 

help: 

1. Page 8: "In the presented data, the major populations are shifted to the right of the static FRET 

line" - I cannot see that, in particular in Fig. 2C. How is this justified/quantified? If I understand 

correctly, this is the main argument for C3 being in dynamic exchange? 

2. Species cross correlation function: It remains unclear to me how the pseudo-species are 

selected and how relaxation times for the real species can be extracted, although the specific 

amplitudes and their relationships are lost. 

3. Review of NCOMMS-18-17509eTCSPC: When the instrument response is subtracted, there are 

basically no features in the curve. Although the residuals look perfect, I would expect that a 

multitude of solutions with three relaxation times will fit the data as well. Is it possible to give 

confidence intervals for the fit parameters? 

4. eTCSPC data: If I understand this correctly, there is no example where a single relaxation time 

is sufficient to describe the data, which worries me. If T4L is trapped in a single (fixed) state, there 

should be only a single relaxation time (distance)? In addition, how are the three conformations 

assigned to the three decay times to start with? Is this assignment left completely open to start 

the global analysis? 

Finally, the authors derive a free energy landscape for the three states. As far as I understand, 

this analysis completely relies on the assumption of a three state system with a linear succession 

of the states C3,C2 and C1. For the details on enzyme function even a certain model (eMMm) is 

assumed and all results concerning catalysis are only valid if this model is correct. These are 

strong assumptions and many other (especially larger) models would also fit the data well. 

Therefore, this has to be clarified and emphasized throughout the text. In particular: 

5. Page 25: I cannot see how to observe a certain sequence of states from the presented data. 

This is s.th. that has been put into the model. In my opinion here you only get as a result what 

you already have put in! 

6. Page 28: "a detailed enzymatic reaction scheme is developed": No - this is assumed. 

7. Kinetic network: I do not understand the argument of “microscopic reversibility of transitions” to 

discriminate the full cycle. A cycle can also be reversible. 

8. I do not understand the argument for the transition C1-C3 being forbidden (Supplement 2.6.2.), 

maybe this can be clarified, because it is a very important point in the argument for the chosen 

model. In particular, as fFCS shows at least two transition times faster than 10ms (this could also 

be three) and why is C3t static? 

Minor comments: 

1. Page 8: How does MFD compare to NMR relaxation dispersion measurements - I cannot find this 

information in the Supplementary Information as indicated. 

2. Page 25: The authors use the Arrhenius equation with a pre-factor of 10e-03 ms. I have not 

seen that before, usually 10e-05 ms or less are used (e.g. Joe Howard:"Mechanics of Motor 

Proteins and the Cytoskeleton"). In addition, I suggest to use the unit sec or Hz. 

3. Page 26: I do not understand the word "processivity" in the context of this enzymes. Please 



explain. 

4. Fig. S2B: I cannot see a “more pronounced tilt towards the C3”. What I see is a broadening of 

the peak, which also could be caused by a tilt towards C2. 

Reviewer #3 (Remarks to the Author): 

This evaluation refers only to the DEER results of this manuscript 

The authors use DEER measurements of one of their many mutants to support the FRET based 

finding of the existence of three conformations. It is well know that distance distributions derived 

using Tikhonov regularization often show some shoulders and minor peals in the distance 

distributions and this often depends on the regularization parameter chosen for the analysis. 

Therefore the assignment to different conformations of the protein is highly questionable (can be 

also originate from the label) unless some additional systematic experiments are carried out to 

substantiate such assignment. The authors should carry out validations available in the 

DEERanalysis software to highlight uncertainties , these are usually pretty good in revealing what 

features in the distribution can be trusted. These, together with the primary DEER data should be 

added to the SI. 

I scanned the literature and there are many papers showing DEER measurements on a variety of 

double mutants of T4L using different types of nitroxide spin labels and even a few Gd(III) based 

spin labels. All these usually show one peak in the distance distribution. Particularly narrow 

distance distributions are obtained with double arm labels (both nitroxide and Gd(III). In the case 

of the nitroxide the comparison with the usual R1 label demonstrate well the effect of the label in 

the broadening. Although, the labeling sites are not exactly the same as in this paper they are not 

too far away and I would expect to see the different conformations there but they do not even 

show two resolved conformations. This should be discussed. 

I would interpret the DEER data more cautiously as follows : the pH=7.5 has a broad distance 

distribution which, in addition to the spin label induced broadening ( it can actually be estimated 

from the crystal structures using MMM) reflects the flexibility of the protein and represents a family 

of conformations. The linked construct restricts the dynamics of the protein leading to a narrower 

distance distribution. The change of pH leads to a similarly broad distribution as the 7.5 pH 

sample, with but with a shorter mean distance, indicating that different conformations are present. 

I am really not convinced that these data show that three well distinct conformations are present 

in the pH=7.5. 

Minor comments 

Better use the name MTSSL and not HO-225 for the nitroxide agent used to label the cysteine 

Why is the distance distribution cut a little below 3 nm, cutting the dashed distance distribution? 

Please show the distance distribution starting at 1.5 nm. 
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8.)'.#'()!%-'8(00(3'+/'*"#+&,-./)')!")'3%',+--%#)02'!"7%'(#')!%'/./%0.#%4'M%'1('",@#(30%1$%')!")'
)!.&'.&'"#'.*/(-)"#)'"&/%,)'(8')!%'&,.%#).8.,'/-($-%&&'"#1'3%'"-%'3(-@.#$'(#'*"@.#$')!%')-"#&8%-'
(8' @#(30%1$%'*(-%' %88.,.%#)024'M%' "//-%,.")%' )!%' -%7.%3%-' 8(-' )!.&' -%T+%&)' "#1' )!%' .#&.$!)8+0'
-%7.%34'
'
' '



!"#$"%"& N( 
'
G!%' "+)!(-&' +&%'"#' .*/-%&&.7%' ,(*<.#").(#'(8'*%)!(1&' )(' .#7%&).$")%'GH' 02&(92*%' AGHID4' F#'
/"-).,+0"-E')!%2'+&%'7"-.(+&'&.#$0%'*(0%,+0%'80+(-%&,%#,%'<"&%1'*%)!(1&'"#1'B>J'&/%,)-(&,(/2'
&+//(-)%1'<2'<.(,!%*.,"0'"&&"2&4'G!%'8.#1.#$&'"-%'#(7%0'"#1')!%2'3.00'<%'(8'.#)%-%&)')('()!%-&'.#'
)!%',(**+#.)24'F#'*2'(/.#.(#E')!%2'!"7%'"'0"-$%'/()%#)."0')('.#80+%#,%')!.#@.#$'.#')!%'8.%014'
'
M%')!"#@')!%'-%7.%3%-'8(-')!%'.#61%/)!'-%7.%34'_2'"11-%&&.#$')!%'-".&%1',(#,%-#&E'3%'3%-%'"<0%'
)('.*/-(7%')!%',0"-.)2'"#1',(#)%#)4'
'
K.-&)')!%'"+)!(-&'8.#1'"')!.-1'#%3'&)")%'8(-'GH'02&(92*%'.#'"11.).(#')(')!%')3('/-%7.(+&02'@#(3#'
&)")%&4'F#'*2'7.%3E')!.&')!.-1'&)")%'.&'7%-2',(#7.#,.#$'.#'/"-).,+0"-'"&'RR'1.&)"#,%&'3%-%'&,-%%#%14'
F' 1(' #()' +#1%-&)"#1E' 3!2' )!%' "+)!(-&' 1(' #()' &!(3' "'*(1%0' A&)-+,)+-%D' 8(-' )!.&'  R' &)")%4' F8' F'
+#1%-&)"#1',(--%,)02E'"00'1")"'.&'"0-%"12'.#'K.$+-%'5W'"#1'"'&)-+,)+-%'3(+01'<%'#.,%')('&%%4'
'
^&'#()%1'<2' )!%' -%7.%3%-E' )!%-%' .&'"'#%%1' )('!"7%'"'&)-+,)+-"0'*(1%0'(8' )!.&'#%3'&)")%&' A RD4'
U(3%7%-E'*(1%0.#$'"'&)-+,)+-%'"&&.&)%1'<2'KJBG'1%-.7%1'1.&)"#,%&'.&'#()'"&')-.7."0'"&'(#%'*.$!)'
)!.#@4'M%'"-%'.#')!%'/-(,%&&'(8'-%8.#.#$'"'&)-+,)+-"0'*(1%04'G!%'*%)!(1&'#%%1%1'8(-'*(1%0.#$')!.&'
&)")%'-%T+.-%'"')!(-(+$!'1%7%0(/*%#)'"#1')%&).#$'A>%+0%#'G4;4'%)'"0'̀ 4'>!2&' !%*'NQNARWDE'XQNNE'
QaNb'>\FcL'QXba[RbbE'Na4NaQN=",&4d/,<4b<aRHHND'"#1'"'0%#$)!2'1%&,-./).(#'(#'!(3'3%'",T+.-%1'
)!%'&)-+,)+-%S')!%-%8(-%E'.)'3.00'<%'+#-%"0.&).,')('8.)'%7%-2)!.#$'3.)!.#'"'&.#$0%'*"#+&,-./)4'G!%-%8(-%E'
3%'"-%'0%"7.#$')!.&'3(-@'8(-'8+)+-%'*"#+&,-./)&E'(#%'(8'3!.,!'3.00'<%'&+<*.))%1'&((#4'Z(#%)!%0%&&E'
3%'"&&+-%')!%'-%7.%3%-')!")'.&'(#%'(8'(+-'*(&)',+--%#)'"#1'/-%&&.#$'/-.(-.).%&'"&'3%'"-%'&)"<0.&!.#$'
"00'#%,%&&"-2'1(,+*%#)").(#'&(')!")'KJBG6"&&.&)%1'&)-+,)+-"0'*(1%0&',"#'<%'1%/(&.)%1'.#'"'/+<0.,'
1")"<"&%' A!))/&L==/1<61%7433/1<4(-$D' +&.#$' )!%' KJBG' 1.,).(#"-2'
A!))/&L==$.)!+<4,(*=K0+(-%&,%#,%6G((0&D4'G!%-%8(-%E'3%'%:/%,)')!")'(#,%')!%'*%)!(1&'!"7%'<%%#'
&)"<0.&!%1E'3%'3.00'&+<*.)'(+-'&)-+,)+-"0'*(1%0&')(')!.&'1")"<"&%4'
'
5%,(#1E')!%'"+)!(-&',!"-",)%-.9%')!%'12#"*.,&'"#1'8+#,).(#'(8')!.&' R'&)")%'"#1'.)&',(##%,).(#'
)(')!%' N'"#1' Q'&)")%&4'G!.&'.&'#()'"&',(#7.#,.#$'"&')!%'%:.&)%#,%'(8')!.&')!.-1'&)")%4'F'&).00'1('#()'
8+002'+#1%-&)"#1')!%' 0.#%'(8'"-$+*%#)&'!%-%E'/-(<"<02'"#&3%-.#$')!%'8(00(3.#$'T+%&).(#&'3(+01'
!%0/L'
'
N4'>"$%'XL'eF#')!%'/-%&%#)%1'1")"E')!%'*"d(-'/(/+0").(#&'"-%'&!.8)%1')(')!%'-.$!)'(8')!%'&)").,'KJBG'
0.#%e'6'F',"##()'&%%')!")E'.#'/"-).,+0"-'.#'K.$4'Q 4'U(3'.&')!.&'d+&).8.%1=T+"#).8.%1f'F8'F'+#1%-&)"#1'
,(--%,)02E')!.&'.&')!%'*".#'"-$+*%#)'8(-' R'<%.#$'.#'12#"*.,'%:,!"#$%f'
'
G('&.*/0.82')!%'(<&%-7").(#E'3%'"11%1'.#'K.$'Q '1"&!%1'0.#%&'")')!%'/%"@'(8')!%'1.&)-.<+).(#')('
(<&%-7%')!%'0(,").(#'3.)!'-%&/%,)'(8')!%'KJBG60.#%4'G!.&'.&'"'T+"0.)").7%'d+&).8.,").(#4'
U(3%7%-E')!.&'.&'#()')!%'*".#'"-$+*%#)')('d+&).82')!")' R'.&'.#'12#"*.,'%T+.0.<-.+*'3.)!')!%'()!%-'
&)")%&4'G(',0"-.82')!.&E'3%'"11%1'"'1."$-"*'"&'"'5+//0%*%#)"0'K.$+-%'N'1%&,-.<.#$')!%'/-()(,(0')('
.1%#).82'12#"*.,&4''
5!(-)02E'!%-%'"-%')!%'&)%/&4'
c('\Kc'!.&)($-"*&'-%&(07%'*+0)./0%'&)")%&'.#')!%'*&').*%&,"0%&f'
F8')!%'"#&3%-'.&'2%&E')!%'#%:)'T+%&).(#'.&4'c(%&'G 5> '-%&(07%&')!%'&"*%'&)")%&'")')!%'#"#(6
&%,(#1').*%&,"0%&f'
F8')!%'"#&3%-'.&'2%&E')!(&%'&)")%&'"-%'&)"<0%'(#')!%'*&').*%&,"0%&4'G!+&E'#('12#"*.,'"7%-"$.#$'
.&'(<&%-7%14';)!%-3.&%E')!%-%'.&'12#"*.,'"7%-"$.#$4'G!%#E'3%'+&%')!%'KJBG60.#%&'"&'$+.1%0.#%&'
)('/-(/(&%'@.#%).,'*(1%0&E'3!.,!')!%#'"-%')%&)%1'0")%-4'
F8' &+<*.00.&%,(#1' 12#"*.,' "7%-"$.#$' .&' (<&%-7%1E' 3%' +&%' >c^' "#1' 8K 5' )(' .1%#).82' )!%'
,!"-",)%-.&).,' ).*%&' (-' -%",).(#' -")%' ,(#&)"#)&E' .8' )!%'*(1%0' /%-*.)&4'>c^' .&' +&%8+0' 8(-' &.*/0%'



@.#%).,'#%)3(-@&'"#1'8(-'12#"*.,&')!")'(,,+-'")').*%&,"0%&'&.*.0"-')(')!%'1.88+&.(#').*%4';#')!%'
()!%-'!"#1E'8K 5'.&'$((1'.#'.1%#).82.#$')!%'-%0":").(#').*%&'(#').*%'&,"0%&'8-(*')!%'0"&%-'-%/%).).(#'
-")%'+/')(')!%'1.88+&.(#').*%E'/-(7.1.#$'"'<-("1%-'12#"*.,'-"#$%4'
?%#%-"002E')!%'#+*<%-'(8'-%0":").(#').*%&'(<&%-7%1'.#'8K 5',(--%&/(#1')('Z6N'#+*<%-'(8'&)")%&4'
G!.&'.&')-+%E'<%,"+&%')!%'-%0":").(#').*%&'"-%')!%'%.$%#7"0+%&'(8' )!%')-"#&.).(#'-")%'*")-.:'.#'"'
 ! " ! '@.#%).,'#%)3(-@4'
'

' '
K.$+-%'NL'&"*%'"&'K.$+-%'Q_'"#1' '8-(*'*".#')%:)'<+)'3.)!'"11.).(#"0'1"&!%1'0.#%&'*"-@.#$')!%'
/(&.).(#'(8')!%'*".#'/%"@'"#1'!(3'.)'1%7.")%&'8-(*')!%'&)").,'KJBG'0.#%4'

'
Q4' 5/%,.%&' ,-(&&' ,(--%0").(#' 8+#,).(#L' F)' -%*".#&' +#,0%"-' )(' *%' !(3' )!%' /&%+1(6&/%,.%&' "-%'
&%0%,)%1'"#1'!(3'-%0":").(#' ).*%&'8(-' )!%'-%"0'&/%,.%&',"#'<%'%:)-",)%1E'"0)!(+$!' )!%'&/%,.8.,'
"*/0.)+1%&'"#1')!%.-'-%0").(#&!./&'"-%'0(&)4'
'
G('%:/0".#')!.&E'3%'&/0.)')!%'"#&3%-4'
N4'>&%+1(6&/%,.%&L'^',(--%0").(#'8+#,).(#'.&'"'&%,(#1'(-1%-'8+#,).(#E'3!.,!'*%"#&')!")'(#02')3('
&.$#"0&'"-%',(--%0")%14'G!%-%8(-%E'6'"&'3%'!"7%'*(-%')!"#')3('&/%,.%&'6')!%'&.$#"0'*+&)'<%'O&/0.)P'
A$.7%#')!%'&%0%,)%1'8.0)%-&D'.#)(')3(',(*/(#%#)&4'U%#,%E')!%'#"*%'(8'/&%+1(6&/%,.%&E'<%,"+&%'")'
0%"&)'(#%'/&%+1(6&/%,.%&' .&'#(' 0(#$%-'"' -%/-%&%#)").(#'(8' )!%'&.$#"0'(8'"'&.#$0%'&/%,.%&4'G!%'
&%0%,).(#'.&'"-<.)-"-2'"#1')('"'0"-$%'%:)%#)'#()'.*/(-)"#)E'"&'0(#$'"&')!%'80+(-%&,%#,%'/-(/%-).%&'
(8' )!%' /&%+1(6&/%,.%&' -%/-%&%#)' "' 0.#%"-' ,(*<.#").(#' (8' )!%' %:/%-.*%#)"0' 80+(-%&,%#,%'
!.&)($-"*&'ABT4'5QVD4'_%,"+&%')!%-%'.&'#()'"'+#.T+%'&(0+).(#E'(#%',(+01'(/).*.9%')!%',(--%0").(#'
8+#,).(#')('%:,%-/)'*":.*+*',(#)-"&)'.#')!%'&/%,.%&',-(&&6,(--%0").(#4'F#'(+-',"&%E'3%'!"7%'"'*.:'
(8'  N' "#1' Q' ,(--%&/(#1.#$' )(' )!%' O*"d(-P' /(/+0").(#&' A/&%+1(6&/%,.%&D' "#1' "' O*.#(-P' A RD'
/(/+0").(#4'G!+&E'3%'1%,.1%1')('+&%')!%&%'"&'/&%+1(6&/%,.%&4'
'
Q4'J%0":").(#').*%&L'^&'*%#).(#%1'(#')!%'/-%7.(+&'/(.#)E')!%'-%0":").(#').*%&',(--%&/(#1')(')!%'
%.$%#7"0+%&' (8' )!%' )-"#&.).(#' -")%'*")-.:' .#' "' @.#%).,' #%)3(-@4' G!")' )-"#&0")%1' .#' "' ,(--%0").(#'
8+#,).(#'"&'"'&+**").(#'(8'%:/(#%#)."0&' ABT4'5QXD'3.)!',!"-",)%-.&).,' ).*%&'"&' )!%' -%0":").(#'
).*%&4'G!+&E'"'&.*/0%'*.#.*.9").(#'"0$(-.)!*'3(+01'<%'+&%8+0')('1%)%-*.#%')!%')%*/(-"0'-%&/(#&%4'
'
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R4' ^*/0.)+1%&L' G!%' &+**").(#' (8' %:/(#%#)."0&' ABT4' 5QXD' ,(#)".#' "#' "*/0.)+1%' "#1' "'
,!"-",)%-.&).,').*%4'G!%'"*/0.)+1%&'"-%'"'8+#,).(#'(8')!%'-%",).(#'-")%',(#&)"#)&E')!%'<-.$!)#%&&'(8'
)!%'&/%,.%&'(-'/&%+1(6&/%,.%&'A#"*%02')!%'#+*<%-'(8'/!()(#&DE'"#1')!%'KJBG6%88.,.%#,24'G!+&E'
3!%#',(#&.1%-.#$'/&%+1(6&/%,.%&E')!%'"*/0.)+1%&'0((&%'/+-%'*%"#.#$'"&')!%2'<%,(*%'"'*.:)+-%'
(8' ()!%-' /"-"*%)%-&' )!")' "-%' #()' /(&&.<0%' )(' 1.&%#)"#$0%4' K(-)+#")%02E'3%'!"7%'",,%&&' )(' )!%'
-%0%7"#)'.#8(-*").(#')!-(+$!'()!%-'*%"#&S'#"*%02'G 5> 4'
'
F#'&!(-)E'3!%#'1%"0.#$'3.)!'/&%+1(6&/%,.%&E')!%',!"-",)%-.&).,').*%&'"-%'/-(/%-02'1.&).#$+.&!%1E'
<+)')!%'"*/0.)+1%&'"-%'"'#(#60.#%"-',(*<.#").(#'(8'*"#2'1.88%-%#)'/"-"*%)%-&4'
'
K(-'*(-%'1%)".0&E'3%'!"7%')3('*"#+&,-./)&'1%)".0.#$')!%'8+#1"*%#)"0&'"#1'"//0.,").(#&'(8'8K 5'
"#1')!%2'"-%'-%8%-%#,%14'
'
ARND'K%0%@2"#E'54E'g"0.#.#E'54E'5"#"<-."E'U4E'h"0%-.E'^4'i'5%.1%0E' 4'^4'\4'K.0)%-%1'K 5L'&/%,.%&'
"+)(6' "#1' ,-(&&6,(--%0").(#' 8+#,).(#&' !.$!0.$!)' <.#1.#$' "#1' 12#"*.,&' .#' <.(*(0%,+0%&4'
 !"#$!%& !"#''OE'NaRV6NaWR'AQaNQD4''
'
AHQD'K%0%@2"#E'54E'5"#"<-."E'U4E'g"0.#.#E'54E'gj!#%*+)!E'J4'i'5%.1%0E' 4'^4'\4'^#"029.#$'Kk-&)%-'
-%&(#"#,%'%#%-$2')-"#&8%-'3.)!'80+,)+").(#'"0$(-.)!*&4'(")!*+&',-.%#*/0'A'BE'R[6XW'AQaNRD4''
'
R4'J%7.%3'(8'Z ;\\56NX6NbWa[%G 5> L'M!%#')!%'.#&)-+*%#)'-%&/(#&%'.&'&+<)-",)%1E')!%-%'
"-%'<"&.,"002'#('8%")+-%&'.#')!%',+-7%4'^0)!(+$!')!%'-%&.1+"0&'0((@'/%-8%,)E'F'3(+01'%:/%,)')!")'"'
*+0).)+1%'(8'&(0+).(#&'3.)!' )!-%%' -%0":").(#' ).*%&'3.00' 8.)' )!%'1")"'"&'3%004' F&' .)' /(&&.<0%' )('$.7%'
,(#8.1%#,%'.#)%-7"0&'8(-')!%'8.)'/"-"*%)%-&f'
'
M%'"$-%%'3.)!')!%'-%7.%3%-E')!%-%8(-%E'3%'-%/(-)%1')!%',(#8.1%#,%'.#)%-7"0&')('(+-'8.)'/"-"*%)%-&S'
"0)!(+$!'3%'<+0@')!%*'3.)!'"#'%--(-'/-(/"$").(#'-+0%'.#'"'&.#$0%'+#,%-)".#)2'/"-"*%)%-4'K(-')!.&'
-%7.&.(#E'3%'&/0.)')!%'+#,%-)".#)2'(#')3(')"<0%&4';#%',(#)".#&')!%',(#8.1%#,%'.#)%-7"0'AQlD'(#')!%'
8.)).#$E' "#1' )!%' ()!%-' (#%' ,(#)".#&' )!%' +#,%-)".#)2' $.7%#' 1Q' 1.&)-.<+).(#' AG"<0%&' 5Qc6?D4' M%'
"/(0($.9%'.8'(+-'#()").(#'3"&'#()',0%"-'%#(+$!'(#')!%'.#.)."0'&+<*.&&.(#4''
'
H4'%G 5> '1")"L'F8'F'+#1%-&)"#1')!.&',(--%,)02E')!%-%'.&'#('%:"*/0%'3!%-%'"'&.#$0%'-%0":").(#').*%'
.&'&+88.,.%#)')('1%&,-.<%')!%'1")"E'3!.,!'3(--.%&'*%4'F8'GHI'.&')-"//%1'.#'"'&.#$0%'A8.:%1D'&)")%E')!%-%'
&!(+01'<%'(#02'"'&.#$0%'-%0":").(#').*%'A1.&)"#,%Df''
'
G('%:/0".#')!.&'8+-)!%-'3%'&/0.)'.#)('1.88%-%#)')(/.,&4'

ND' G.*%'-%&(07%1'80+(-%&,%#,%'(8'c(#(-';#02'7"-."#)&'
F)' .&' #()' +#,(**(#' )!")' ,(#d+$")%1' 12%&' &!(3'*+0).6%:/(#%#)."0' <%!"7.(-4' K(-' %:"*/0%E' )!%'
1(#(-6(#02'0"<%0%1'&"*/0%&'"0-%"12'&!(3&'"')3(6%:/(#%#)."0'1%,"24'B",!',(--%&/(#1')('1.88%-%#)'
%#%-$2'0%7%0&'(8')!%'1(#(-4'
'

QD' G.*%'-%&(07%1'80+(-%&,%#,%'(8'c(#(-'.#'/-%&%#,%'(8'^,,%/)(-'
M!%#')!%'1(#(-'.&')!%'/-%&%#,%'(8'",,%/)(-E')!%'1(#(-'0.8%).*%'.&'T+%#,!%1'7."'KJBG4'G!+&E'"&'
)!%'-%7.%3%-'/(.#)%1'(+)E'.#')!%'.1%"0',"&%'3!%-%')!%'1(#(-'"#1'",,%/)(-'12%&'"-%'O8.:%1P'.#'&/",%'
"#1' )!%' ,!"-",)%-.&).,' %#%-$2' )-"#&8%-' .&' 1%)%-*.#%1' <2' )!%' -")%' (8' %#%-$2' )-"#&8%-' 68(00(3.#$'
Kk-&)%-')!%(-2'A2KJBGDE')!%'#+*<%-'(8'80+(-%&,%#,%'0.8%).*%&'(#')!%'1(#(-6",,%/)(-'7"-."#)'3.00'<%'
)!%'#+*<%-'(8'1(#(-'0.8%).*%&4''
U(3%7%-E' .8' .#' &(0+).(#E' "'*(0%,+0%' &"*/0%&'*+0)./0%' KJBG'&)")%&E' )!%'*(1%0' 8+#,).(#' &!(+01'
.#,(-/(-")%')!%'80+(-%&,%#,%'1%,"2'(8')!%'1(#(-'A.4%4'<.6%:/(#%#)."0'<%!"7.(-D'"#1',(#&.1%-')!")'
"'1.&)-.<+).(#'(8'KJBG'-")%&'A3A2KJBGDD'",)&'(#'%",!'1(#(-'0.8%).*%4'G!%-%8(-%E')('.#,(-/(-")%')!.&'



1%&,-./).(#E'3%'*+&)'+&%' )!%'-%8%-%#,%'&"*/0%'A)!%'c(#(-';#02D'"&' -%8%-%#,%'"#1'%:)-",)' )!%'
/-(/%-'3A2KJBGD4'
'

RD' I(,@.#$',(#8.$+-").(#'"#1').*%'-%&(07%1'"#"02&.&'
^,,(-1.#$')(')!%'G 5> '"#"02&.&E')!%'c^67"-."#)E'3!%#'O0(,@%1P'.#)('"'/"-).,+0"-'%#92*%'&)")%E'
"&' %7.1%#,%1' <2' U>I E' &!(3&' "' 1.&)-.<+).(#' (8' KJBG' &)")%&4' G!.&' *%"#&E' )!")' )!%' %#92*%'
80+,)+")%&'<%)3%%#'1.88%-%#)',(#8.$+-").(#&'3.)!'1.88%-%#)'-%0":").(#').*%&4'G!+&E'3%',(#,0+1%')!")'
)!%'%#92*%'.#'&(0+).(#'.&'#()'O8-(9%#=8.:%1P'.#'"'/"-).,+0"-',(#8.$+-").(#E'%7%#')!(+$!'%#92*").,"002'
,(--%&/(#1&')(')!%'&%0%,)%1'&)")%4'_.(*(0%,+0%&'"-%'.#)-.#&.,"002'12#"*.,'1+%')('_-(3#."#'*().(#S'
)!+&E')!%'%:/%,)").(#')!")'(#,%'"'*(0%,+0%'-%",!%&'"'/"-).,+0"-'%#92*").,'&)")%'3.00'<%'8-(9%#'.#'
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REVIEWERS' COMMENTS: 

Reviewer #2 (Remarks to the Author): 

All my points have been addressed in the point by point response. In particular the authors 

clarified several parts of their analysis procedure and their assumptions. 

Unfortunately, not all explanations found their way into the manuscript, maybe some more can be 

added in the final version, e.g.: 

(1) In Fig. 1 of the response helpful dashed lines are included, which did not make it into the 

manuscript. 

(2) The details on the pseudo-species (around equation S26) are still not fully clear to me. I also 

cannot find the important information that the selection was arbitrary. 

(3) The explanation of why the transition C1-C3 is not considered (or unlikely) could be 

strengthened in the main text. This is a crucial point, as the efficiency vs lifetime plots show lines 

directly connecting C1 and C3 (with some data falling on these lines). In addition, the correlation 

between the conformational states and the reaction states (Fig. 7A) is not very strong, therefore 

C2 could be "on pathway" or "off pathway" (as C1 and C3 are also significantly populated in the ES 

state). 

Altogether I am convinced that the findings are novel and should be of interest to others in the 

community and have a large potential to influence thinking in the field. Therefore, I support 

publication of the revised manuscript in Nature Communications. 



REVIEWERS' COMMENTS: 

Reviewer  #1 (Remarks to the Author): 

No comments 

Reviewer  #2 (Remarks to the Author): 

We appreciate the reviewer for going over the proposed changes and the favorable response. 
Based on these remarks we made changes as suggested by the reviewer. 

All my points have been addressed in the point by point response. In particular the authors 
clarified several parts of their analysis procedure and their assumptions. 
Unfortunately, not all explanations found their way into the manuscript, maybe some more can 
be added in the final version, e.g.: 
(1) In Fig. 1 of the response helpful dashed lines are included, which did not make it into the 
manuscript. 

We replaced figure 1 on manuscript to include the dashed lines. 

(2) The details on the pseudo-species (around equation S26) are still not fully clear to me. I also 
cannot find the important information that the selection was arbitrary. 

We added the word “arbitrary”  in page 23 of main text (Highlighted in cyan). Moreover, in page 
49 of the supporting information we added the following sentences for clarification: 

“Here, &+

(*)
 corresponds to the time resolved fluorescence decay of each selected pseudo-species i 

(Supplementary Figure 9a,c). Using the definition of the fluorescence decays in Equation 26 it is 
then possible to find a weight value '(*) to satisfy the experimental observable fluorescence 

decay characteristic of the mixture $+, and the corresponding filters per species %+

(*)
 . Examples 

are plotted in Supplemental Figure 9Band 9D”. 

(3) The explanation of why the transition C1-C3 is not considered (or unlikely) could be 
strengthened in the main text. This is a crucial point, as the efficiency vs lifetime plots show 
lines directly connecting C1 and C3 (with some data falling on these lines). In addition, the 
correlation between the conformational states and the reaction states (Fig. 7A) is not very strong, 
therefore C2 could be "on pathway" or "off pathway" (as C1 and C3 are also significantly 
populated in the ES state). 

Although some bursts fall in the connection between C1 and C3, in order to satisfy population 
fractions in equilibrium an effective transition from C1 to C3 should be equal to C1-C2-C3. Thus, 
bursts will be split and that is not observed. Moreover, the Monte Carlo simulations, considering 
the linear connectivity, would not have agreed with the experimental observations. Thus, as 



suggested by the reviewer, we included the next sentences into the manuscript to strengthen why 
the C1-C3 transition is unlikely.  

Page 9 “while the cycle scheme C1"C2"C3 " C1 is unlikely due to the lack of bursts across all 
FRET variants that connect C3 " C1 with an effective slower rate to satisfy equilibrium. These 
bursts would follow the dynamic FRET-lines as guides between states in the MFD-diagram 
(Figure 3a and Supplementary Figure 2).”  

Supplementary Note 3  
Page 39 “due to the sequential closing of the enzyme from the most open to the most closed 
state, due to the unseen number of slow transitions along the #) to #(, and physical restrains 
observed in the structural models (PDB ID 172L and 148L)”  

Moreover, we added the following sentence to discuss about the difference of the “on pathway”  
to that of the “off pathway”  
Page 19 “which is consistent with our Monte Carlo simulations and incompatible with the 
unlikely off pathway from C1 to C2 through C3 due steric hindrances and by the fast hinge 
bending motion (4 qs) expected from structural models (PDB ID 172L and 148L).”  

Altogether I am convinced that the findings are novel and should be of interest to others in 
the community and have a large potential to influence thinking in the field. Therefore, I support 
publication of the revised manuscript in Nature Communications. 

Last, we added a recent citation regarding the stability of the helix c of T4L. Reference:  
52.  Xue, M. et al. How internal cavities destabilize a protein. Proc Natl Acad Sci U S A 116, 
21031-21036 (2019). 


