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Summary

Detailed understanding of chemical and enzyme ysitatonstitutes a main focus of
current biochemical research. Fundamental insighbhow (bio)catalysts function,
requires knowledge of their three dimensional s$tngéc and a wide range of time
resolved experiments that monitor the reaction @eg The ultimate aim is the
determination of the molecular structure of traositand transient states during the
chemical bond-breaking and bond-making step thaurmscas part of the overall
reaction. Chemists claim to have observed trahsietransition states with lifetimes
as short as 100-500 femtoseconds. Single stepwmiyme catalysis are usually slower
than this, although electron transfer and protandfer can occur in picoseconds or
nanoseconds, respectively. The movements of prol@mains which are critical to
drive enzyme catalysis because they directly prento¢ breaking and reforming of
chemical bonds, occur at a longer time scale 01-20us. This time range can thus
be regarded as the fastest in which formation af/e® catalytic intermediates occur
or protein domains can fold into the native struetof the active enzyme.

To study catalytic mechanisms of enzymes and clenmm@actions in detail, the
reaction should be initiated so rapidly that thessquent formation and decay of all
reaction intermediates can in fact be detected.nEtlee fastest present-day
continuous-flow mixing equipment is too slow (~4%) io monitor the very beginning
of enzyme catalysis. In order to design a geneirattic instrument with a much
shorter dead-time to mix reactants and observedaetion progress both the mixer
and observation cell need to be miniaturized torometer dimensions (~100 pum)
while maintaining high mixing efficiency and googtizal quality. This thesis deals
with the design and development of a new kinetistrument that can perform,
observe and detail, on the us time scale, the ywtatahechanism of enzymes, in
particular those of the oxidoreductases.

Chapter 2 provides a review of turbulent, laminar continucarsd stopped-flow rapid
mixing instrumentation as well as rapid freeze-aindmy and microsecond freeze-
guenching/sampling methodologies. The specificgtefeatures of mixers and rapid
mixing instruments are discussed in relation to ¥heous spectroscopic analyses
methods.

In Chapter 3 new types of turbulent tangential micro-mixers evelesigned and
characterized for their mixing and unwanted preingxcharacteristics. The results
show that it is possible to completely mix two t@aats within 160 ns, which is at
least 50-times faster than estimated for other aancixing devices. Th&€hapter 3
further provides several general guidelines todésign of fast mixers.

Based on the design principles outlinecCimapter 3, in Chapter 4 a continuous flow
ultra-fast mixing device has been developed witlreatly improved time resolution
indicated by the mixing and observation dead-tirh@&.8 + 0.3 ps. This instrument
contains a four-jet tangential micro-mixer that gbetely mixes two liquids within
3.5us. The mixer is integrated with a long cylindricabillary flow-cell enabling the
recording of UV-Vis or fluorescence spectra betw860-700 nm using a sensitive
CCD camera. In the kinetic mode of the instrumesdch UV-Vis spectrum
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corresponds to a different reaction time that tgheined by the distance between the
mixer and a pixel of the CCD chip and the fluidwloate. The reaction progress can
be monitored in steps of 318 ns for approximaté§ @s.

In Chapter 5 improvements in flow-cell design and optical pemfiance of the ultra-
fast mixing instrument desribed i@hapter 4 are described without affecting the
short dead-time of 3.8 pus. The rectangular instdacy/lindrical flow cell contains a
~30 mm long channel of 70 + 5 um height, constadidtem two parallel sheets of
silver foil with 109 um thickness that also actsaaseffective shield for stray light.
This arrangement enables recording of spectrahgities that are linear up to at least
3.5 Absorbance units. The new instrument was ueestudy protein refolding of
denatured horse heart cytochromeAfter a very rapid initial phaser & 4.7 us),
which has not been reported previously, partiadldehg proceeds with time constants
of 83 us and 345 ps. Using singular value decortipaosthe complete spectra of
three folding intermediates were determined. Thstrument enables study of
(bio)chemical reactions on the microsecond timéesicaluding protein folding.



Samenvatting

De studie van chemische en enzymatische katalysentvaeen belangrijk
aandachtsgebied binnen het huidige biochemischrooele Fundamenteel inzicht in
de wijze waarop (bio)katalysatoren werken, verkgsinis van hun driedimensionale
structuur gekoppeld aan talrijke tijdsopgelosteesxpenten waarin de voortgang van
de reactie wordt vastgelegd. Het uiteindelijke deermt de bepaling van de
moleculaire structuur van de overgangstoestandagnof tijdelijke intermediairen
tijdens de reactie waarin de chemische bindingemdero gebroken en gemaakt.
Volgens chemici kunnen overgangstoestanden erijiiglentermediairen bestudeerd
worden met een levensduur van slechts 100-500 f&otmden. De snelste stappen in
enzymgekatalyseerde reacties hebben in de regelargare levensduur, maar toch
kunnen elektron- en protonoverdrachtsreacties plaaten op een tijdsschaal van
respectievelijk picoseconden of nanoseconden. Dee@p@g van domeinen binnen
enzymen is van belang om de chemische reactiewerkstelligen, omdat hierdoor
chemische bindingen kunnen worden gebroken en opnke&innen worden gevormd;
deze bewegingen kunnen plaatsvinden op een tijdakoran of ~0.1-1 ps. Met
andere woorden, dit is de kortste tijdsschaal wadkatalytische intermediairen
gevormd kunnen worden of eiwitdomeinen zich kunmnvemwen tot de natieve
structuur van het actieve enzym.

Teneinde het katalytisch werkingsmechanisme vagreea en chemische reacties te
kunnen ontrafelen zal men de reactie zo snel moktemen starten opdat alle
daaropvolgende reactiestappen kunnen worden vagthelZelfs de snelste

continuous-flow mengapparatuur die heden ten dagehikbaar is, en een dode tijd
heeft van ~45 us, is te traag om de allereerstg/negizsche (of chemische)

reactiestappen te kunnen observeren. Het ontwerp een algemeen kinetisch
instrument met een veel kortere dode tijJd om redeta te kunnen mengen en
observeren, vereist miniaturisering van de meng- neeetapparatuur tot een
schaalgrootte van ~100 um, terwijl tegelijkertij efficiency van menging behouden
blijft en de signaal-ruis verhouding van de optescletector om de reactie te kunnen
volgen voldoende hoog is. In dit proefschrift worditet ontwerp en de

totstandbrenging van dergelijk nieuwe kinetischeamptuur beschreven om het
katalytisch werkingsmechanisme van enzymen, irbljednder van oxidoreductases,
te kunnen bestuderen op de tijdsschaal van micoosier.

Hoofdstuk 2 is een overzichtsartikel waarin turbulente, larmmma&ontinuous-flow en

stopped-flow instrumenten worden beschreven alsmvedechillende snelle freeze-
quench methoden. Aan bod komt verder welke de Bpkeiontwerp factoren zijn

voor snelle mixers en hoe deze mixers geintegrea@nthien worden in opstellingen
om verschillende specifieke spectroscopische aealgskunnen uitvoeren.

In Hoofdstuk 3 wordt het ontwerp van nieuwe typen turbulente émtigl micro-
mixers beschreven, welke worden getest op hun omggwoormengingsvermogen
en hun gewenst menggedrag. De analyses tonenahddretdmogelijk blijkt om twee
reactanten compleet te mengen binnen 160 ns, metgaestens 50-maal sneller is
dan geschat voor andere micro-mixers. De resulsttdlen ons in staat om een aantal
algemene regels voor het ontwerp van snelle moerte stellen.
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Op grond van de ontwerpregels Hoofdstuk 3 wordt in Hoofdstuk 4 een
continuous-flow ultra-fast meng- meetinstrumentchesven met een totale dode tijd
van 3.8 = 0.3 ps voor menging en observatie, hatgea significante verbetering in
dode tijd vertegenwoordigt. De vier-jet tangential&ro-mixer mengt de reactanten
in 3.5 us en is gekoppeld aan een lange cilindeisepillaire flow-cel waarin UV-Vis
of fluorescentie spectra kunnen worden opgenomer36Q-700 nm met behulp van
een gevoelige CCD camera. In de kinetiek modushedrapparaat correspondeert elk
UV-Vis spectrum met een andere reactietijd, well@di bepaald door de afstand
tussen de mixer en de positie van de pixel van @® @Camera en de lineaire
stroomsnelheid van de vloeistof met de gemengdetaetn. Daardoor is het
mogelijk om de reactie te volgen met een tijdsms®lvan 318 ns gedurende
ongeveer 600 ps.

In Hoofdstuk 5 zijn verbeteringen aangebracht in de ultrasnebagameetopstelling
die beschreven is inoofdstuk 4. In plaats van een cilindrische cuvet, wordt nu
gebruik gemaakt van een rechthoekige cuvet, ~30imlengte en 70 + 5 um breed.
Deze cuvet/flow-cel is vervaardigd uit twee pail@i@laatjes zilverfolie (109 um dik
hetgeen correspondeert met de optische weglengee)plaatjes zilverfolie dienen
tevens als afscherming van strooilicht, waardoor spectrometer lineair is tot
minstens 3.5 Absorptie eenheden. Met deze nieuwteldpg is de hervouwing van
gedenatureerd cytochroneeuit paardenhart bestudeerd. Na een zeer snetléleni
fase mett = 4.5 ps die niet eerder geobserveerd is, verddgiedeeltelijke vouwing
met tijdsconstanten van 83 ps en 345 ps. Met bekalp singuliere waarden
ontbinding zijn de volledige spectra van drie vouggintermediairen bepaald. In zijn
huidige vorm is het met dit nieuwe meng- meetimagnt mogelijk om chemische en
biochemische reacties alsmede eiwitvouwing te lblesan op een tijdsschaal van
enkele microseconden.



Chapter 1

| ntroduction and thesis outline

1. Background
1.1 Enzymes

The great majority of biochemical conversions icel need the help of biocatalysts
to enhance the rate of the reaction in order tdlenand to sustain life. The cell’'s
biocatalysts are enzymes, a chain of amino acidgedgothrough peptide bonds.
Enzymes fold into intricate and precise, but dyr@ahithree-dimensional structures
that are essential to their function, and may esn@owide range of organic or
inorganic (‘metal ion’) co-factors or co-enzymedhigh, in addition to the greater
chemical variety of amino acids, may explain thgieater catalytic variety. It is
therefore no surprise that enzymes are involvedlimetabolic pathways.

Present day computational methods are not suffigiextcurate to reliably predict
3D-structures from the 1D amino-acid sequences rdyraes. Moreover, the
associated functions of enzymes cannot be prediatgdiori from the primary
sequences. An important reason for this failutbéas bond angles and bond lengths of
thousands of atoms need to be known with enormeegion— within 1-2 degrees
and within 10-20 pm, respectivelyin order to correctly account for example for the
large local electrostatic gradients that genergltwern binding of substrates and
subsequent catalysis. Hence research on biocatalgstgeneral or enzymes in
particular, Enzymology, has a strong experimentaracter. Enzymology covers
among other things studies on: the subunit stracurd composition of enzymes,
subunit folding and their spatial arrangement, actdr identity, the 3D-structure and
the catalytic mechanism. This thesis deals with dlegelopment of new general
methods to observe in detail on the shortest plessiilme scale (microseconds) the
catalytic mechanism of enzymes, in particular thokéhe oxidoreductase family of
enzymes.

1.2 Oxidoreductases, general electron transfer characteristics

Oxidoreductases are enzymes catalyzing electrorhyaliride transfer reactions.
Because neither the electron nor the hydride ioms feee species in solution,
oxidoreductases need at least two substrdgs 1), an electron (hydride) donor
(Dreq) and acceptorAyy):

Dred + Aox — Dox + Aved (Eq- 1)

Oxidoreductases usually follow a Ping-Pong mecmanisAlthough tyrosin,
tryptophan, cysteine and seleno-cysteine are redwtive amino acids,
oxidoreductases often contain additional cofactioas enhance electron transfer rates
and/or enable complex redox chemi&trfhe most common organic cofactors are
flavin, heme and nicotinamide; inorganic co-factoray contain one or more 3d, 4d
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or 5d transition elements (V, Mn, Fe, Co, Ni, Cup,MV). Enzymes carrying metal-

ions, not necessarily redox active metals but aMgp Ca or Zn, are often called

metallo-enzymes. The different metal-ions give risean enormous variety of

catalytic centers including redox centers. Irorplulr centers may consist of 1, 2, 3,
4, 7 or 8 iron atoms, copper centers of 1, 2, 3 @u-atoms. In addition, there are
mono- and di-nuclear iron centers, mixed metalemn{Fe-Ni in hydrogenases, V or
Mo with Fe in nitrogenases) and Mo- or W-pterinfaotors. Furthermore, some
redox enzymes contain several of these redox cetdeznable electron transfer over
large distances (10-15 nm) within a single enzyfne

Electron transfer between enzymes is called elediansport. Electron transport in
respiratory chains is carried out by a variety efio- or naphtoquinones anchored to
the membrane by an isoprenoid side chain consisfiriiye to twelve isoprene units
(ubi- and menaquinones) and by a diverse classmall 2lectron shuttles such as
cytochromec, blue copper proteins, rubredoxines, several tgbésrredoxins and the
[4Fe-4S]-containing HIPIP

Redox enzymes are not essentially different froineotenzymes regarding their
structure but often contain multiple redox centers active sites. The various
interactions between amino acids, between co-fartdramino acids (His, Met, Cys,
Tyr, Glu, Asp, GIn, Asn, Lys, N-terminal NfHC-terminal carboxylate and backbone
amide carbonyl oxygen ar-amine) and between substrate and active site ¢senpr
electrostatic interactions (25-50 kJ Myl hydrogen bonding (2.0-7.5 kJ ol
between uncharged donor/acceptor pairs, 12-25 k3 between charged pairs) and
Van der Waals interactions (6-8 kJ MplThe great number of hydrogen bonds and
van der Waals interactions contribute mainly to #tability of the enzyme, the
enzyme-co-factor and the enzyme-substrate complelerems electrostatic
interactions and specific hydrogen bonding patteare more prominent in
biocatalysis, promoting bond breaking and bond &drom.

1.3 Oxido-reductases, functional consider ations

The minimal catalytic cycle of an enzyme consistéhe binding of a single substrate,
the formation of a single product followed by protuelease, all of which may be
reversible Eq. 2):

E+SoESoEPSE+P (Eq.2)

In practice, however, substrate binding (and prodetease) may be far more
complex, including exchange of solvent water, camfational rearrangement of the
enzyme (induced-fit) and/or the substrate (produe§o the pure catalytic stepES
«— EP — usually comprises several bond making and boadKing events integrated
with enzyme conformational changes including change hydrogen-bond
interactions, protonation states and hence in loaall global electrostatic
interactions.
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TS,

TS,

Intermediate

Gibbs
energy

E+S

E+P

red + on Dox + Arc(l

Reaction progress

Figure 1. Transition state occurs at the peaks of the enprgfile of a reaction (TSand TS), and
metastable, transient intermediates occupy theytrau

Transition-state theory provides a simple framewiorka qualitative assessment of
chemical and enzyme catalysed ratéhe transition state corresponds to the state
with the highest energy in the reaction coordirditgram Fig. 1). In the transition
state, chemical bonds are in the process of beigenand broken, and it represents
the most unstable species (with an estimated itetof 100-500 fsin the reaction
pathway. Therefore, these states populate to vergil samounts, which prevents
accurate determination of their structure. In castir (metastable or transient)
intermediates, whose bonds are fully formed, occtimgy (relative) minima in the
diagram, have a longer lifetime, populate corresgipayly higher and are easier to trap
and characterize. The theory assumes that theioeachte is controlled by
decomposition of an activated transition-state dempand that the transition-state is
in thermodynamic equilibrium with the reactantsigrd state. In this way and for an
unimolecular reaction, the concentration of thedraon state can be calculated from
the difference in Gibbs free energy between thesttimn stateS’, and the ground
state S that isAG*.

_aGH

[S*] = [S]-K* = [S]-e " (Eq. 3)

WhereK* is equilibrium constant for formation of the traimi-state complex from
reactantR is the gas constant, afdis the temperatut&® The frequency at which
the transition-state complex decomposes to givdymiis the same as the vibrational
frequencyof the bond that is breaking:
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v="7 -61x16°s" or - ~ 164 fs at 2C (Eq. 4)

wherek; is the Boltzmann constant ahd ~ Planck’s cohsta
Thus, the rate of decomposition®is given by:

AGH
_3£5] — v [5¥] = (kBTT) - [S]-e & (Eq. 5)

k =

The first order rate constant for the decompositib8is given by:

k = (kBTT) e RT (Eq. 6)

The rate is dependent a&* and not on the driving forceG (sees alsig. 1). The
value of AG* or the activation energy when the Arrhenius equatis used, is
determined experimentally by measuring the reactaie over a wide temperature
range. In order to calculateG* accurately (+5kJ mdi or a rate that is accurate to
within a factor of ~10-50), the structure of tharsition state needs to be known with
high precision which rarely is the case. Since areyspeed up a reaction essentially
by loweringAG*, the value ofAG* is not a unique function of the reactants only, bu
in addition dependent on the properties of theasunding medium such as the
enzyme’s active site. Since structures of truesiteom states of enzymes have not yet
been determined, calculated rates for enzyme cadlyeactions are easily off by a
factor of ~1000 (~15 kJ md).

However, calculated rates for outer-sphere (puled)t®n transfer using the Marcus
theory are more accurate (~5 kJ Mpknd are therefore, predicted quite Wedlithin

a factor of 10. The Marcus theory describes the wt electron transfer from a
reduced electron donodD{q) to an initially oxidized acceptoAfy):

Figure 2. Electron transfer between cofactor D and A.

The rate of the overall reaction depends on théerdifice between the midpoint
potentialsEp andEa (the thermodynamic driving force), and on theahse between
two cofactorsD andA (Fig. 2). Marcus theory provides a way to understand why
cofac'gfors involved in transferring electrons areffound to be arranged at distances
<15 A.

If the metal ion in a complex is oxidized or reddicgs charge and size will change.
In addition, water molecules around the complex miarrange their orientation and
distance. Most of these changes are slow and wailit Ithe reaction rate. This
rearrangement is associated with the reorganizaraigy. For the overall reaction
betweenD and A, all these changes can be put together into aesiingaction



I ntroduction

coordinate’, and plotted versus the Gibbs free gghass function of this coordinate
(Fig. 1). For a redox reactionG = -nF(Ea-Ep), whereF is the Faraday constant in C
mol?, AG is in J mot* andE in J C. As Fig. 1 indicates, the maximum is the
transition state, and the rate of the reaction dépeon random fluctuations
(temperature) that take the reaction coordinat®sacthis maximumk ~ exp(-
AG*/RT) The energy plot can be extended by assumindotitatthe initial statelfeq

+ Aox) and final state[,x + Aeg) are simple harmonic oscillators, giving a parabol
dependence of the energy on deviation from thelieguim reaction coordinateF{g.
3):

reactants products

Gibbs
energy

Reaction progress

Figure 3. Parabolic dependence of the energy of reactaiitand products).

The crossing point of the parabolas representsrémsition state. The reorganization
energy,4, is defined as the energy required to change &oengtry of the reactants
into that of the products without actually transfey electrons and can be determined
directly fromFig. 3.

A wavefunction of a free electron on a redox cerddde)localized in all directions.
The tail of the wavefunction extents to an adjacedtox center, and the ‘protein
medium’ between the two centers enables tunnelintpe electron with a rate that
decreases exponentially with distance. The maximwmneling rate of room
temperature electron transflmax (in s?) is given by following equation:

kmax = 1013 exp{_ﬁ(R - Ro)} [5_1] (Eq 7)

and is experimentally determined at 18" when R, the edge-to-edge distance
between redox centers is as short as possible rmtdea Waals contactR{ = 3.6
A This maximal rate is similar to the value of @2 s* quoted inEq. 4. The
rate decreases with increasiRgor S, wheregf is proportional to the square root of
barrier height. As a first approximatiofi,depends on the average density of protein
atoms in the volume between redox cenziendA, and the highest density (smallest
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f) is obtained with a chain of covalently bound atsoafi the way betweeD andA.
For tunneling of electrons through a chain @bonded carbong = 0.9 A% A
conjugated #£-bonded) chain of atoms betweBnand A hasp = 0 and it forms a
conduction wire. In proteins, the medium in betwdka cofactors contains many
atoms from the peptide. This means that smallcdtest of vacuum, hydrogen bonds,
o-bonds andr-bonds can be found. Thus, the electron tunnelatg, k, through a
protein medium/ is between 0.8 and 1.4%or most proteins) is much faster than
tunneling through vacuung € 2.8 AY) and is given by the generic equation:

logk = 13-0.6(R-3.6)-3.1(4G+1)%/A (Eq. 8)

whereAG is the driving force, the difference in redox putals between cofactors (in
eV) andZ (in eV) the reorganization enerfdy The maximum rate occurs when
AG = -A. Thus whem\G > -1, which is designated as the inverted regime, &lte is
actually smaller than the maximal rate. In mosttgirs, the distances between
cofactors are found to bel4 A (1.4 nm) and transfer over longer distancesps
involves a chain of several cofactors. Although mmsfactors in a chain appear to
have similar potential, in many natural electransfer proteins such as hydrogenase
or nitrate reductase the midpoint potential of oh¢he redox centers in the chain is
much lower or higher than that of the surroundiafactord®. Although steps that are
energetically uphill, are relatively slow and thasnsidered unfavorable for fast
electron transfer, the close proximity of redox tees in most natural systems
compensates for the unfavorable thermodynamicstlaesk electron transfers (~us)
are still much faster than catalytic turnover (~rak}he redox enzyme and thus not
rate limiting for function.

In conclusion, calculated rates for pure electramgfer using the Marcus theory can
be predicted quite well compared to reactions mwgl bond making and bond
breaking because the activation energy is a siexpeession oAG and/ .

2. Pre-steady state kinetic techniques
2.1 Introduction

The relation between enzyme function and proteynddic) structure is of great
interest in biochemistry. To study catalytic meadbars of enzymes and chemical
reactions in detail, the reaction should be irgtlto rapidly that the subsequent
formation and decay of all reaction intermediatesl@d be detected. The pre-steady
kinetics of enzymes can be monitored by a greaetyaof spectroscopic techniques,
which provide electronic and/or true structures wbiftermediates: UV-Vis
spectroscopy, Fluorescence, Circular Dichroism, rieawansform IR, Electron
Paramagnetic Resonance (EPR), Resonance Ramarospepy, Nuclear Magnetic
Resonance (NMR) etc. Nowadays a variety of diffepge-steady state instrumental
technigues are used to rapidly initiate a reacttrect photoflash, release of a caged
compound by a photoflash, flow-flash, pressure jubepperature jump, stopped-
flow, continuous-flow, rapid quenched-flow, rapiceéze-quenching, microsecond-
freeze hyperquenching and continuous flow hydrothindocusing***

10
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2.2 Chemical relaxation techniques

Rapid reactions have been studied with chemicahxation (single turnover)
techniques where the enzyme and substrate arelyuguamixed and at a state of
equilibrium'®***® The reaction system is disturbed from its stétequilibrium by a
sudden change of an external parameter, such geetatare, pressure or a pulse of
light from a laser. Hereafter the system relaxeadjusts itself) either to a new
equilibrium state or returns to the original eduium state through a series of
intermediate steps. The laser flash may inducaifafitphotochemical reactions such
as electron transfer in plant and bacterial phottistic systems. In the caged
compound technique one of the substrates is arniveaphoto-labile substrate-
analogue (‘caged compound’) that is converted pulae of light into a true substrate
ready to react without need for mixiig? In particular, when the caged compound is
already bound to the enzyme before the light pulseereaction between enzyme and
substrate is potentially very fast, and limited yorlby the kinetics of the
photochemistry. Alternatively, a laser may rapidlyange the temperature of the
enzyme/substrate mixture, which subsequently egoteea new equilibrium at the
higher temperature. The advance of femtoseconcefputsbe laser flash photolysis
methods has made it possible to trap and charaetesery short-lived transient
intermediates (if not transition stateslthough, the time resolution of the relaxation
techniques is superior to that of the mixing teqheg**® the majority of these
studies have focused on small molecules only. Maeochemical relaxation
methods require equilibrium conditions at the stdrthe experiment, which is not
always possible to achieve or in the case of comfderial) reactions, not wanted.

2.3 Therapid mixing techniques

Mixing reactants followed by spectroscopic obseoratof the mixture on (sub)-
microsecond time scales, presents an importanhtdagical barrier. In spite of their
limitation in time resolution, the mixing technigiéave a more general and wider
field of application than the relaxation techniqud® determine the kinetics of
processes that are not driven by light, rapid ngxari two or more reactants is the
most versatile and common method of initiating Ytihemical reactions. The time
resolution of fast mixing devices offer opportuagito study enzyme and/or chemical
catalytic mechanisms in detail and to follow theei progress of (bio)chemical
reactions far from equilibrium in transient regiowbkere most likely intermediate
states can be accumulated and detected. To docsessfully, a mixing instrument
should be able to do both, initiate the reactionuliya-fast mixing of two or more
reactants e.g. enzyme and substrate, and enabigonmanof formation and decay of
all reaction intermediates. Although usually verghhenzymes concentrations (up to
~mM) are required to monitor rapid reactions ateptable signal-to-noise ratios,
rapid mixing techniques are of prime interest totedaine biochemical and
biophysical properties of enzyme catalytic intermtgs. Regarding chemical
synthesis, short mixing times of the reactants weébpect to the timescale of the
reaction might prevent the formation of chemicalesieactions improving chemical
purity and yield.

11
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2.4 The mixing efficiency

The mixing efficiency of a mixing device depends the dimensionless Reynolds
number, Re a criterion of whether fluid flow is absolutelyeady (streamlined,
or laminar) or the average steady with (small) eady fluctuations (turbulent) and
it's defined as the ratio of inertial forces tooasis forces in a fluid flow. Whenever
Reis less than about 2000, flow in a pipe is gemedaminar, whereas, at values
greater than 2000, the turbulent flow regime begirsctually, the transition between
laminar and turbulent flow does not occur at a Hjgeecalue of Re but sets on in a
range between 1000 to 2000 extending to betweed 800 5000. The transition from
laminar to turbulent flow in a pipe depends on pheduct of the mass density of the
fluid p (1000 kg N for water),», the average velocity of flow (m*sn a channel) and
|, a characteristic length (traveled length of fjuod hydraulic diameter of a channel in
m) divided byz, the dynamic viscosity of the solutions €lRg mi*s™ for water at
20°C). The Reynolds numbBeis given by:

Re = p:;'l (Eq.9)

According to the equatiom andy are relatively constant in aqueous solution amd th
instrumental mixing time depends mainly on the misxgeometry and dimensions
(width, depth and length of the channel) and onflibve rate. Therefore, to achieve
rapid and complete turbulent mixing in a minimatipé of time requires high flow
rates, relatively small channel dimensions (<100) and a sufficiently higRe
When high concentrations of enzyme are required,itiesrease in viscosity of the
solutions may cause a decreaseRefbelow ~2000, which is often insufficient for
complete mixing. The viscosity also increases wdcreasing temperatures, in
particular when cryo-solvents (glycerol or ethyleglycol) are used to perform
Kinetics at sub-zero temperatures. To maintain figi rates of viscous solutions a
powerful hydraulic/pneumatic drive-ram system igaed or HPLC pumps with a 40
MPa pressure linfit?>33% High flow velocities require large amounts of gdes
and lead to pressurdl) build-up according to Bernoulli’s velocity/dynatmpressure
equation:

AP =0.5-p-(<v>)? (Eq.10)
2.5 The turbulent mixing techniques

The majority of rapid mixing devices rely on turbot mixing. Turbulence is an
efficient mechanism to disperse the solutions sutfficiently small volume elements,
so-called turbulent eddies. The small size of ttddies enables fast diffusion of the
reactants over very short distances and constitbeeinal step in mixing. Mixers of
various designs that enable efficient turbulent ingxhave been constructed over
approximately the last hundred years and range &ionple T- or Y-mixers to more
complex geometries, such as multiple-jet tangentiaters>%°***% Mixers, with
channel and bore dimensions smaller than one nedlien so-called micro-mixers,
date back some fifty years, e.g. the Berger ballemiThe co-axial type micro-mixers
were first introduced some forty years ago. Micrixers with dimensions of
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approximately 100 um or smaller, produced in paléicfor so-called Lab-on-a-chip
applications, have been introduced in the lastdecades.

The various types of mixers might be integratechwaih optical observation cell as in
the stopped-flow apparatus (SF, usually with midter dimensions) and in
continuous-flow instruments (CF, dimensions of ~260), allowing monitoring of
the reaction by a great variety of optical speciopsc methods at a single wavelength
and/or at multiple wavelengths simultaneotsly

The total dead-time of a mixing device in whichddic changes are monitored by e.g.
optical spectroscopy is determined by the miximgetiand the residence time of the
mixed reactants in the dead volume, i.e. the volbeteveen the point of mixing and
area of observation. Both, the mixing time anddesce time, decrease with smaller
dimensions of the compartments, hence increasiadlithear) flow rates. In micro-
mixers, owing to their smaller dimensions, lindaf rates need to be higher than in
the larger mixers in order to obtdReabove ~ >2000 needed for turbulent mixing and
rapid completion of mixing.

The most commonly used kinetic techniques suchhasstopped-flow, continuous-
flow and freeze-quench techniques are further kdetam Chapter 2.

3. Background and aim of thethesis

Determination of the molecular identity of transitiand transient states is the key to
understanding chemical and enzyme catalysis. Tieisis deals with the development
of new (bio)chemical kinetic analysis tools to atveeand detail, on the shortest
possible time scale, the catalytic mechanism ofyees, in particular those of the
oxidoreductases. lIdeally a pre-steady-state kinstiedy would be capable of
capturing each bond breaking and bond making $i&jpaiccurs as part of the overall
reaction. Individual steps in enzyme catalysis rpayceed on the sub-picosecond
time scale such as light-driven electron transfephotochemical reaction centers.
Rotations of aromatic amino-acid side chains, prdtansfer and hydride transfer
occur in the nanoseconds. Movements of the maimara(small) protein domains
take place at the time scale of ~0.1-1 us, asmated by NMR and Time Resolved
X-ray diffraction experiment§°*°° The movements of protein domains are critical to
drive enzyme catalysis because they directly prentio¢ breaking and remaking of
chemical bonds. In some cases, the characteristignge motions that occur during
catalysis were shown to be already present in the &nzyme with frequencies
corresponding to the catalytic turnover rate. Magicare localized not only to the
active site but also take place in the wide dynan@twork distant from the active
site’’. Protein folding may occur at the same time sealecatalysis. A number of
small proteins and domains were shown to undergo-state folding/unfolding
transitions with relaxation times as short as a feigroseconds. For example, the
engineered 35-residue subdomain of the chickemwhkadpiece has a folding rate of
0.7 us?, ref®. The protein folding rate limit is estimated botmpirically and
theoretically to be ~N/100 ps)*, where N is the number of residues in the
polypeptide chaitf. A time scale of 0.1 ps - 1 ps for the fastestlgtit steps appears
in agreement with the enzyme binding rate constér,, ~ 1F*° M™* s* for the
fastest enzymes for a physiological substrate atretgon of ~1mM.

13
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In the light of the analysis above, our aim is éw&lop (bio)chemical kinetic analyses
tools that can monitor reactions that occur onpthdime scale, which appears to be
the time scale for formation of enzyme catalytitermediates. The dead-time of
current continuous-flow mixing equipment is impigesbut yet too slow (~45 us) to
study the very onset of catalysis by enzymes. déieioto design an instrument capable
of mixing reactants and observing the reaction sgon the microsecond time scale
both the mixer and observation cell had to be numized (~100 pm) while
maintaining high mixing efficiency and satisfactooptical quality to enable pre-
steady state kinetic analyses.

4. Qutline of thethesis

Chapter 2 gives an overview of the current rapid mixing @eg. InChapter 3 new
types of turbulent micro-mixers are designed arstiete regarding their true mixing
times providing routes to design mixers capablanofing liquids within a a few
hundred nanosecond€hapter 4 describes the construction and testing of a new
Ultra-Fast turbulent mixing instrument. The devienables monitoring of
(bio)chemical reactions by optical spectroscopy aad a dead-time of 3.8 ps. In
Chapter 5 improvements in flow-cell design and optical periance of the ultra-fast
mixing instrument are described.
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Chapter 2

Rapid mixing techniquesfor the study of enzyme catalysis

Sandra Mitt and Simon de Vriest

Adapted from: Comprehensive Biophysics, Academas®rOxford, UK,
2012, 514-532

1. Abstract

Rapid-mixing techniques are applied to delineateyer® and/or chemical catalytic
mechanisms in detail. To do so successfully, mixofgthe reactants must be
sufficiently fast to cover the pre-steady state etidomain in which transient
intermediates are formed. The pre-steady kinetienaymes can be monitored by a
great variety of spectroscopic techniques, whicbvigle electronic and sometimes
true structures of intermediates: UV-Vis spectresso Fluorescence, Circular
Dichroism, Fourier Transform IR, Electron ParamagneResonance, Electron
Nuclear Double Resonance spectroscopy, Electron Sghho Envelope Modulation,
Mossbauer spectroscopy, Resonance Raman spectypsddyclear Magnetic
Resonance or X-ray absorption spectroscopy.

This chapter details various aspects of turbullmhinar continuous, and stopped-
flow rapid mixing instrumentation as well as rafiieéeze-quenching and microsecond
freeze-quenching/sampling methodologies. The spatifsign features of mixers and
rapid mixing instruments are discussed in relattonthe various spectroscopic
analyses methods.
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Glossary

CCD, Charged Coupled Device

CD, Circular Dichroism

CF, Continuous Flow

ENDOR, Electron Nuclear Double Resonance
EPR, Electron Paramagnetic Resonance

ESEEM, Electron Spin Echo Envelope Modulation
EXAFS, Extended X-ray Absorption Fine Structure
FTIR, Fourier Transform InfraRed

MAS-NMR, Magic-Angle Spinning Nuclear Magnetic Reance
MCD, Magnetic Circular Dichroism

MHQ, Microsecond freeze-HyperQuenching

RFQ, Rapid Freeze Quench

SF, Stopped Flow

XAS, X-ray Absorption Spectroscopy

d, channel diameter or diffusion path length (m)
D, diffusion constant (fs?)

Re Reynolds number (dimensionless)

tifr), diffusion time (s)

<v>, the average linear flow velocity (rit)s

o, solvent density (kg i)

n, dynamic viscosity (kg ms™)

7,, total sample-ageing time (s)

T, Mixing time (s)

T;, sample-transport time (S)

1., cryofixation time (s)
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2. Background
2.1 Introduction

Enzymology is the branch of biochemistry aimingutalerstand how enzymes work
through the relationship between structure andtiancand how they fold into their
native state. To understand enzyme catalytic mesimsnin-depth one must perform a
series of steady state and pre-steady state kieeperiments and determine the
precise 3D-structure of the enzyme. The technigoegpre-steady state kinetic
experiments are described in this review. Enzymplisga multidisciplinary research
field and integrates areas of biochemistry, miastdgy, molecular biology,
molecular genetics and biophysics. The core of matygy consists of the
development of reliable activity assays, (over)espion and purification, steady-state
kinetic characterization and an initial basic stuwal characterization, which may
include determination of subunit structure, molacwhass, prosthetic group content,
co-factor requirement, and post-translational moalifons. More detailed structural
and mechanistic characterizations often requirepasison of the WT with mutants
and specifically labelled enzymes. In additiontte academic interest, understanding
enzyme catalytic mechanisms is essential for tkeemsful application of enzymes in
industrial processes and for the development oyraezinhibitors, which constitute a
major segment of all existing drugs (~50-60%).

The literature dealing with the determination ofzyme catalytic mechanisms is
enormous spanning biocatalysts as well as chenabysatA selected set of textbooks
and original articles is included to help the reasfehis or her way?**.

2.2 Steady-state kinetics

Steady-state kinetic analyses serve to determeios rates, reaction rate constants
and the rate law of chemical or enzyme catalysedtti@ns. Under steady state

conditions, the enzyme performs repeated turnovims. equation for the simplest

enzyme mechanism, which applies to bio and chertadysds, is given by

kl kcat
E+SoES->E+P (Eq. 1)
k_q

Solving the steady-state rate equation for thishameism yields the Michaelis-Menten
equation (assumin‘éi—s Is constant andy >> [E]) shown inEq. 2:

_ Vmax'[s] _ kcat'[E]'[S]
V= Km+[S] ~ Km+[S] (Eq.2)

In Egs. 1 and2 E, S and P denote enzyme, substrate and product concentsation

respectively, and furtheV = —% = Z—i : Vinax = Kear * [E] @and Ky, = W :
1

Steady-state kinetic experiments in whi& is varied show a change from pseudo-
first order kinetics at lowd] to zero-order at highy. These analyses provide values
for Vimax Or Keat corresponding to the enzyme’s maximal rate of tuenand also for
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Kwv, defined as the§ at which the rate is half-maximal. Althoudfy is often
associated with the binding affinity of the enzyfoe its substrate, this is true only
when kg << k.;. The quotienk./Ky is called the specificity constant and has the
dimensions of a second order reaction-rate conkns?). The specificity constant
defines the minimal value for kthe rate of substrate binding, ile> kco/Km. The
specificity constant is a rational means to distisly between the specificities of
different substrates for an enzyme, and providesieh better criterion for substrate
selectivity than simply comparing the variodg.x or Ky values.

The strength of the steady-state kinetic approacitsirelative simplicity regarding
experimentation and derivation of the expressiorthef overall rate equation. The
steady-state approach enables, for example, fdigt@imination between Ping-Pong
kinetics and Ternary Complex formation, or betw#enbinding of one or two of the
same substrates yielding hyperbolic or sigmoidkti@ns between reaction rate and
[, respectively. Experimental variation of pH, iorgtrength, temperature, pressure,
solvents and the use of inhibitors is easy andadirgorovides mechanistic insight,
which might be deepened by the application of igcfly labelled substrates or
generation of site-specific mutant enzyf8s’

However, the major shortcoming of the steady-skatetic method is that many
enzymes show substrate saturation kinetics destcripe the Michaelis-Menten
equation, which is therefore not very informatiBy merely studying the overall
reaction, the obtained information is biased towate characteristics of the slowest
step in the reaction path, obscuring the charatiesi of other faster reaction steps.
No matter how complex the reaction sequence ofnagmee, one will almost always
be able to determine an appar&ht.x and Ky. However, for multi-step reactions,
these parameters are complex functions of many catstants, and although the
experimental value ofaxWill still signify the maximal turnover of the eyine under

a specific set of conditions, the physico-chemioahning ofKy, remains unclear. In
practice, even the simplest single substrate enzgatalytic cycle will consist of
several intermediate stefds, ():

E+SES5—>..—-ES—>l1—>.—»Il,>oEP—-..—>ER—->E+P (Eq. 3)

The initial bimolecular binding or docking of sutzge €S, the so-called Michaelis
complex) is represented Bqg. 3. An ‘induced fit mechanism’ is represented by the
sequenceES to ES,. The chemical conversion of substrate into bounodysct
generally involves a number of intermediate stdpsEQ:). Product release returns
the free enzyme, which is ready for the next tuano¥roduct release is often slow
and may follow a series of enzyme conformationangfes induced by the bound
product (up toEPR,), in a way similar to the changes induced by thadibhg of
substrate. Additional substrates increase the cexitglof the reaction by introducing
more bimolecular steps. Some of the intermediatay tind/release Hor OH,
which, like the binding of substrate is also a decalar reaction. The presence of
intermediates that bindHr OH can be detected by performing experiments over a
wide pH range.

The individual or elementary steps in the mecharo$iag. 3 are necessarily faster
and often much faster than the overall reactiore Titst order rate constants are

22



Rapid mixing techniques for the study of enzyme catalysis

generally between ~1@* and ~16 s* (but may be 1 s in the case of electron
transfer) while the second order or bimoleculae @instants range between *afd
~10°M™ s*.To solve enzyme catalytic mechanisms, the simpdtsady-state kinetic
analyses do not suffice and the experimental toolas to be extended to pre-steady
state kinetic methods.

2.3 Pre-steady state kinetics

Pre-steady state kinetic studies aim to resolveinre each individual step in a
catalytic reaction sequence. In pre-steady stgterements, enzyme and substrate are
very rapidly mixed and changes in the state ofetheyme are monitored over time.
When possible, changes of substrate and producteatmations are also monitored.
During catalysis, the optical, magnetic, vibratibaad structural properties of the
enzyme, substrate and product may change, whidblesapectroscopic detection of
transient intermediate states. Commonly used spmpic methods in kinetic
mixing instruments are UV-Vis, Fluorescence andspBctroscopy, while specialized
instruments have been designed to enable FTIR, ERAFS or NMR spectroscopy.
The frozen powder samples obtained by the rapiezé&auench techniques can be
analysed by low-temperature UV-Vis, EPR, ESEEM, EN) and EXAFS,
resonance Raman or Mossbauer spectroscopy.

In most pre-steady state analyses, the experimerarried out in such a way that the
enzyme can perform a single turnover only. Thisvedl intermediates to accumulate
from zero concentration and subsequently breakdoempletely without reaching
their steady-state concentrations. A true interatedis defined as one that is formed
and broken down faster than the steady-state termate of the enzyme. Detection of
all intermediates is possible only when the mixifighe reactants and the observation
are much faster than the turnover rate of the eezgnd much faster than the fastest
step in the reaction sequence. There is no guarammteractice, that each individual
intermediate can indeed be observed, since armetiate may be ‘spectroscopically
silent’ or sparsely populated below the instrumiedétection limit. The latter may be
the result of a very short lifetime, caused by aimgreater rate of breakdown than
rate of formation.

The substrate-binding stepkg. 3 can in principle be made faster than any othgr ste
in the reaction sequence, because it is the omhpleicular reaction. All other steps
occur at first-order rates, which are sensitivestonple conditions (temperature,
buffer, pH, etc.). Ideally, the pre-steady statpegiment is performed at the highest
possible §, so that at = 0, all enzyme is in the staiS, which subsequently decays
with a series of characteristic rate constantss Exiperimental approach works best
for enzymes for which product release is slow,had the high § will not induce a
second turnover, or a steady-state kinetic behawabthe intermediates.

In so-calledrelaxation(single turnover) pre-steady state experimengsgtizyme and
substrate are usually premixed and at a state wfi@um. By suddenly disturbing
the equilibrium, for example by a pulse of lightrir a laser, the system will return to
its initial equilibrium or to a new equilibrium $& The laser flash may induce
‘natural’ photochemical reactions such as electi@msfer in plant and bacterial
photosynthetic systems. In another type of relaxagire-steady state experimeB§
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(Eq. 3) may be formed from a photo-labile substrate-amato(‘caged compound’)
that is converted into a true substrate upon aepafslight, obviating the need for
rapid mixing>?". In particular, when the caged compound is alrelagiynd to the
enzyme before the light pulse, the reaction betweemd S will be very fast, and
limited only by the kinetics of the photochemistwhich can be slow. Alternatively, a
laser may rapidly change the temperature of the/reafsubstrate mixture, which
subsequently evolves to a new equilibrium at thghéi temperature. Similarly, an
equilibrated system may be subjected to a suddangehin pressure. ABable 1
shows, the time resolution of thelaxation techniques is superior to that of the
mixing techniques, which is mainly due to the advehsub-femtosecond laséts
The mixing of liquids and subsequent spectroscopservation of the mixture on a
us or shorter time-scale presents an important tdogital barrier. In spite of their
time limitation, the mixing techniques offer a widange of applications than the
relaxation techniques. Today a variety of differpré-steady state mixing instruments
iIs used in studies of biochemical or chemical systesuch as stopped-flow,
continuous-flow, rapid quenched-flow, rapid freegeenching and microsecond-
freeze hyperquenching.

Table 1. Dead-times of various pre-steady state kinetibrnapes

Pre-steady state kinetic techniques ‘ Instrumentadi-diene*
Turbulent Flow Mixing Techniques
Continuous-flow (minimal mixing timé) 15 s
Capillary micro-mixers%* 45 us
Microsecond Freeze-HyperQuenching (ME)™ | 75 us
Chemical Quenchifg 60 ps/l ms
Rapid Freeze-Quenching (REQ) 5ms
Stopped-floW? 0.5ms

Diffusive Flow Mixing Techniques
Continuous-flow hydrodynamic focusitig> " 1-500 ps

Relaxation techniques

Laser Flash Photolysis (shortest pulse) <1fs
Photochemistfy 5 fs
Pulse-probe (e.g. photosynthédis) 100 fs
Temperature jump 5 ps
Time resolved X-ray diffractioff 200 ps
Caged compounds/Flow-FIaSH™ 1ns

Pressure-jump’ 50 ps

*seesection 4.5 for a discussion on the dead-times

The King-Altman method is a well-established ansilgapplicable method to derive
steady-state rate equations for both simple andt®aenzyme mechanisiis’. The

derived equations generally provide quantitatives fio the experimental data.
Quantitative analysis of pre-steady state kineitadequires analytical integration of
the rate equation in order to describe the sulestrattermediate and product
concentrations as a function of time. However, el integration of the fully

reversible Michaelis-Menten equation or of the ¢hr&eomponent reaction
A «— B« C already presents a formidable challenge. The maheal expression is
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greatly simplified when one or more reaction stefgs(quasi-) irreversible or when a
relatively stable intermediate is formed. Whenredictions are treated as irreversible
(Eq. 3), the analytical expressions describing the kasetf the intermediate states
become progressively more complex in relation te tumber of intermediates.

However, the numerical solution for an infiniteissrof reactions as i&g. 3 requires

a short computer programming procedure. The equatioof the type

% =k, - [ESq] ...dzf" =k, - [ES,] are repeatedly integrated to give the desired

guantitative time dependent concentration infororati

3. Thedesign of rapid mixers
3.1 Turbulent mixing

The ideal mixing device should, under turbulentfloonditions, enable complete
mixing over very short distances by uniformly dispeg the reactants to the
molecular level. Diffusion and collision of the otéants constitute the basic steps in
mixing, after which the reaction proceeds. Turboéeenables the solutions to break-
up into very small volume elements known as tunbuleddies. Smaller turbulent
eddies yield shorter diffusion distances and hdaster mixing. Various mixers that
enable efficient turbulent mixing have been desigmwer the years. The most
commonly used mixers are the simple T-mixers (SF\W&/and RFQ), multiple-jet
tangential mixers (SF UV-VIis/FTIR and RFQ), the @ar ball mixer (SF UV-
Vis/[EPR/FTIR and the co-axial type mixers such as the ball mixged in the
capillary micro-mixers (CF UV-Vis/EPRJ{gs. 1, 2, 8 and9 andTable 2)*1023:28-45

a b
- - Mixed R1 and R2

turbulent

N

Dead volume [ 2

:> Detector
Light !

Figure 1. (a) Commonly used T-mixer in stopped-flow devicesafel bores are usually ~0.5-2 mm,
but only 60 pm in the T-mixer used for MFQ The figure is adapted from de Vriest 2807
(b) Berger ball mixer used in stopped-flow devices.aRd R denote reactant 1 and reactant 2,
respectively. The drawing is after Berger 1968
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a b
Outer Inplcler
capillary capiiary R2
A () — ;
B I — |/°F
Pt sphere
Dead volume[ @ C o —
:> Teflon ‘

Excitation

Four-jet tangential mixer

Figure 2. (a) Capillary ball micro-mixer used in continuousxfi@evices. Approximate dimensions are
0.15 mm and 4 mm for the inner- and outer-capékrrespectively and 0.25 mm for the observation
cell. The drawing is adapted from de Vriest 260f) Schematic drawing of the four-jet-tangential
used in stopped-flow and rapid freeze-quench devitlde complete mixer is built by pressing the
three (Teflon) gaskets A, B and C on top of eadteofas in the right part of the figure, see &sm

8). The four-jet tangential mixer can easily be agid to a multiple stream mixer. See t&xy. 8 and
original papers for further details; Bnd R denote reactant 1 and reactant 2, respectively.

Table 2.Technical properties of various Continuous-flowidamixing devices and comparison with

commercial Stopped-flow a

paratus

Technical properties

Continuous-flow

Stopped-flow

Shastry et af’

Majumdar et af°

Commercial SF

Type of mixer

quartz capillary
mixer

turbulent micro-
mixer

T-mixer, Berger ball

Reactant driving system

pneumatic drive
ram

double syringe
pumps

pneumatic drive ram or

stepper motor

Path length of the optical

Observation in

2 mm fluorescence

cell 250um free jet 10 mm absorbance
Mixing volume ~10 nL ~5nL 3L
Qhannel or orifice 250 70 2.000
diameter (um)

Rgl_ﬂ mixing chamber or in 30,000 5500 40,000
orifice

Maximum back pressure

(AP, MPa) 1.0 >7.0 bar 0.2-1.0
Maximum flow rate 40 mL min >30 mL min' 50 mL &'
quear floy\; rate in channe >10 in flow cell 79 20

orjet (mé&

Mixing dead-time (us) 15 10 600
Total instrumental dead- 45-100 14-20 500-2000

time (Us)
*Calculations ofReandAP are based op = 10 kg mi® andy = 10° kg m* s*

The efficiency of mixing depends on the dimensisslReynolds numbeRe used to

characterize different flow regimes. Laminar flowharacterized by a smooth,
constant fluid motion, occurs &e < ~2000 for flow through pipes, where viscous
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forces are dominant. Turbulent flow occursRe > ~2000 for pipe flow and is
dominated by inertial forces, according to equation

pud
n

Re = (Eq. 4)

In Eq. 4, p is the density of the solvent (equal to 1000 Kgfor water at 20°C), ¢ >
the linear average flow velocity of the liquid (it ;1 a channel)d the hydraulic
diameter of a channel (in m) ancthe dynamic viscosity (equal to 1&g m's® for
water at 20°C). The values fprandy are relatively constant in agueous solution and
the instrumental mixing time depends mainly on timxer's geometry and
dimensions (width, depth and length of the chanretd on the flow rate.
Consequently, in order to achieve rapid and efficraixing with turbulent flow Re>
2000-2500), in a minimal period of time, high flowtes are required as well as
relatively large channel dimensiong ¥ 100um). High flow velocities require large
amounts of energy to be delivered by the drive-systems. The high fluid flow
velocities can cause cavitation, which occurs wtten pressure of the liquid falls
below its vapor pressure leading to evaporatiore Vapor bubbles resulting from
cavitation are detrimental for optical analysesgiHiflow velocities also lead to
pressureAP) build-up according to Bernoulli's velocity/dynacrpressure equation:

AP =0.5[p0< v >) (Eq. 5)

At high concentrations of reactants, the mixingceghcy and/or rate of mixing may
decrease due to the increase of the viscosity efstiutions. As a consequernke
may fall below ~2000 resulting in incomplete mixinbhe viscosity also increases
with decreasing temperatures, in particular whem-solvents (glycerol or ethylene
glycol) are used to perform kinetics at sub-zeraperatures. To maintain high flow
rates of viscous solutions a powerful drive-ramtesysis needed such as a hydraulic
or pneumatic ram. Regular HPLC pumps capable ofigimmg 40 MPa of pressure
may also be sufficieft'®***® The air pressure of regular drive-ram systems of
commercial SF instruments (operating up to 1 MPay,rhowever, be too low to deal
with viscous solutions as encountered in RFQ erpanmis, but a powerful stepper-
motor will do.

3.2 Laminar flow mixing

Mixing under laminar flow conditions will occur rally when the distance over
which fluids have to be diffusively mixed is vergnall. Laminar flow mixing is a
good alternative to turbulent mixing especially whene has limited amounts of
reagents. As a result of rapid developments in ftakls of micro- and nano-
machining and lithography, micro-mixers with flowannels as small as m or
even smaller have been manufactured. The diffusnoa for solutest(x) is given by
Eq. 6:

dZ
tairr =55 (Eq. 6)

The diffusion time, di is proportional to the square of the distance @ ¢hannel
diameterd over which molecules have to diffuse. For a smallaoule with diffusion
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constantD ~ 10°m?s™ the diffusion time is ~500 ps for a channel of 1.{Tius, by
decreasing the diffusion distance, the mixing-diiffun time becomes shorter. Based
on this principle, different types of diffusive nebs have been developed, such as the
glass-silicon-glass mixer (SF FTIR) and the LIGRh@graphy, electroplating and
molding) structured stainless-steel mixer (SF FY1®) These laminar-flow systems
require small sample volumes, and low flow rates &w nL &, which is ideal for
the study of expensive biochemical samples. Theabipg pressure is very close to
ambient.

Hydrodynamic focusing represents a recent develapteeemploy diffusive micro-
mixers with minimal amounts of sample consumptidihrough specific solvent
delivery and mixer geometries, a liquid flow is sgqmed or ‘hydrodynamically
focused’ into a thin stream, reducing the diffustbstance to 50-100 nm and yielding
a diffusive mixing time in the microsecond time gat?>°. However, the slow onset
of mixing may result in true dead-times that mighfact be longer, on the order of
~500 u&°. See alsdParagraph 4.5 for a discussion on the reported mixing times.

3.3 Mixers and dead-times

Figs. 1 and2 show the most commonly used mixers. The T-mixeestlae simplest
and most classical types of mixeFsd. 1a). At the point where the two fluids collide,
the mixing is initiated but generally not completéixing is completed within a short
distance just downstream (dead volume), in theoregpetween the initial collision
point of the two fluids and the observation chambée total dead-time of a stopped-
flow apparatus with a T-mixer corresponds approxaéiyato the time needed to fill
the dead volume region and the observation chamils.dead-time depends on the
linear flow rate in the system and can be decrehgedcreasing the flow rate, which,
however, increases the pressure. The dead-timeevadhby commercial stopped-
flow devices (~1-2 ms) are often limited by the gsure the SF instrument can
withstand. In miniaturized stopped-flow cells, I¢isse is spent filling the observation
cell, which results in dead-times of ~0.5-0.7 Mal{le 2).

In the Berger four-jet ball mixef~(g. 1b), the mixing of two solutions is driven by
turbulence as the solutions flow at high velocit&sund a sphef® Behind the
sphere, the solutions enter a zone of high turlsglewhere they are completely
dispersed into small volume elements resultingamglete mixing within 100 ps.
Mixing is rapid because diffusion occurs over vehprt distances. The design of the
co-axial capillary mixerKig. 2a) is based on the concept of the Berger-ball mitxer
Co-axial mixers consist of an inner and an outexx@ glass capillary, which form
the mixing chamber together with a small (50-25%) platinum sphere placed at their
junction and at the conical end of the outer capjll The two solutions run parallel
through co-axially positioned capillaries over a$tdistance towards the sphere. At
this stage, the two solutions do not mix becausth®fiowRe Mixing occurs in the
small opening (5-1(um wide) between the sphere and the outer capilaty. The
rapid flow of the solutions around the sphere (~@08") produces a small area of
high turbulenceRe~ 30,000) and the reagents are mixed behind therswithin 10
us (Table 2). Without the sphere, the channel dimensions &wd fates would yield

a calculatedRe of ~1500, insufficient for rapid and complete miginThe capillary
micro-mixers have proven to be fast and versatilxing devices. The great

28



Rapid mixing techniques for the study of enzyme catalysis

advantage of the capillary micro-mixers is the shiead-time while operating at low
pressures.

Four-jet tangential mixers-(gs. 2b, 8 and9) are used in stopped-flow instruments but
more commonly in RFQ and miniaturized MHBids. 8 and 9)*6:28:3444-46.56.57 T
four-jet tangential mixer used in SF and RFQ insiats consists of three parisd.
2b). On top lies a thin gasket with two half-moondgleach for one reactant. The
liquid stream of each half-moon channel is dividetb two in the relatively thick
gasket containing the four-jet pattern. Here thaidl flows from the side to the centre
(‘the pre-mixing chamber’) and is subsequently éoradownward through a small
hole in the centre of a thin gasket. In this laaskgt the actual mixing occurs. The
mixing time in this mixing chamber is ~50 (kaple 5). The three gaskets are pressed
together firmly in a mixer body to prevent solvésdkage (see aldeigs. 2b, 8 and9).

In practice the four-jet tangential mixers are ddpaf mixing concentrated protein
solutions more effectively than T-mixers. It is pide that the presence of the
angular momentum of the flow helps to accomplisé. th

3.4 The stopped-flow method

The first turbulent-mixing instrument that was &sthan manual mixing was
described by Hartridge and Roughton in 132Bhe dead-time of this continuous-
flow instrument was ~10 ms and improved to ~2 m4980°°% The two reactants

are efficiently mixed using a modified Rolls-Roycarburettor made of brass. The
approach is based on the principle of alternatingiratream mixing of reactants by a
four-jet tangential mixer. The mixed reactants ematélow observation tube and the
reaction progress is monitored perpendicular tofline tube at various points. By

knowing the flow rate, the distance can be traedlaito reaction time. The high flow
rates require large sample volumes for experimemtat

The stopped-flow technique, introduced by Roughtod934 was greatly improved
by Britton Chance in 1946°°? It is currently the most frequently used method f
the pre-steady state enzyme Kkinetics studies becadisits sample economy,
improvement in time resolution, and wide dynamioéirange. In the commercial
stopped-flow systemd=(g. 3 andTable 2), small volumes of the two reactants, e.g.
enzyme and substrate, are simultaneouslyforced kst drive-ram system (a
pneumatic actuator or stepper motor) into a hidiciehcy mixer to initiate the
reaction. High flow rates of approximately 5-15 st and relatively large channel
diameters of 1-2 mm ensure turbulent flow condgi@Re > 5000, Table 2). The
volume of the mixed reactants displaces the previmantent of the relatively large
observation flow cell (4QiL cuvette, dimensions 2 mm x 2 mm x 10 mm). The
volume injected is limited by the volume set by {Bmptied) stop syringe. When the
volume of the stop syringe is filled, the plungésia block, causing the flow to be
stopped ‘instantaneously’. This volume of the stggnge is set so that just prior to
stopping, a steady state flow has been achievegréwent having any contamination
of the previous experiment in the mixing chamblee, ¥olume of the stop syringe is
two to three times that of the volume of mixer dlmdv cell (~100ul). The mixed
solution that enters the flow cell is ~1-2 ms oidhich corresponds to the dead-time
of the stopped-flow device.
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Figure 3. Schematic diagram of the Stopped-Flow apparatuseriithe stop syringe is omitted the
same setup can be used in the continuous-flow nm@demon dimensions of the optical cell are ~ 2
mm x 2 mm x 10 mm.

Mixing options for the stopped-flow technique inddumulti-mixing (also known as
double- or sequential-mixing) where more than twactants are mixed in two or
more consecutive mixing steps. Moreover, for apgpicms where only very small
guantities of reactants are available, variabl® naixing using syringes of different
sizes is preferable. In stepper-motor driven stdgjmv devices, variable mixing
ratios can be obtained by programming differentanepeeds for each syringe. Most
stopped-flow equipment operates over a wide teniperaange (-80 to +50°C).

To monitor the reaction progress, the contenthefdbservation cell are illuminated
by a light source and the change in optical proger{absorbance, fluorescence,
circular dichroism) is monitored in real time eitieom the moment when the mixed
reactants enter the observation cell (using angger) or when initiated by the stop
of the stop syringe. Improvement in the time resotu(to ~0.5 ms) came recently
with miniaturization of the observation cell by seal stopped-flow manufactures.

Since the first introduction of the stopped-flow thwaa, its field of application has
expanded enormously. Present date stopped-flowcetedre well-suited to deal with
a great variety of non-aqueous solvents and eratderobic experiments, studies at
sub-zero temperatures, at very high temperatutésHigh-pressure stopped-flow
instruments have been developed that operate aViP@0(2-3 ms dead-time) to study
protein (un)folding®. In addition, stopped-flow instruments have beerighes that
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enable fluorescence lifetime measurements, FTIRddienes of 5-100 ms), NMR,
EPR, and EXAFS analysg§®448:49.56.57.63.6579

3.5 Continuous-flow instruments

Continuous flow methods are used in pre-steadye stazyme kinetic studies and
kinetic studies of protein folding. In the contiusoflow experiment two or more
fluids are continuously forced at high flow ratésough a mixer where they are
completely mixed under turbulent flow conditionshelprogress of the reaction is
then observed at different times under steady-fitateconditions at several distances
from the mixer along the flow cell. Monitoring ofi¢ reaction is most commonly
performed by fluorescence or UV-Vis absorbance tspscopy. The dead-time of
continuous-flow instruments is considerably shortean of the stopped-flow
apparatus, however, the consumption of reagentsush higher”. Reduction of
sample amount became possible with advances inrndesign and detection
methods. These advancements made it possible tevacéfficient, ultra-fast mixing
and to acquire a complete kinetic profile in a fe¥eonds.

In 1985, Regenfuss et al. introduced a continutms-€Eapillary jet mixer where the
principle of co-axial mixing was combined with tBerger ball mixer figs. 1b and
2a)*?%% The original design of the co-axial ball mixer @pdlary micro-mixer by
Regenfuss et al. was impractical because it wasadeland difficult to manufacture,
and the progress of the reaction had to be moxitorean unstable, free-flowing jet
by measuring fluorescence emission at various mtis® downstream from the
mixer*’. Continuous-flow experiments involving a free-fiog jet, in general,
encounter difficulties due to instability of the @nd optical scattering artefatts

Shastry et alhave successfully overcome the limitations ofRlegenfuss continuous-
flow capillary mixing apparatus by replacing theagg with a more sophisticated
quartz capillary mixer with a fused-silica fluoresce observation flow cell, and a
custom-made partially opaque absorbance flow beth of which have 0.25 mm path
lengttt®**L The design was further improved by integratindigital camera with a
UV-coated CCD detector into the detection systemickv covers almost the entire
UV-Vis spectral region (200-1000 nmifi¢. 2a). The mixing time of 15us and the
dead-time of 45 + fus of this mixing apparatus made it possible, foaregle, to
study the kinetics of the early stages of protestdihg by recording either the
fluorescence profile or the transmittance/absorbapectra along the whole length of
the observation cell (10-15 mm) starting from tleaditime to about 2 ms.

4. Specialized stopped-flow and continuous-flow instruments
4.1 Stopped-flow FTIR

Fourier transform infrared spectroscopy couplethéostopped-flow is a technique of
particular interest because it provides directcstm@al and kinetic information on
proteins in their native state in aqueous soluttorin membranes. For example,
secondary structures in proteins can be analyzew fthe characteristic amide |
bands around 1650 ¢hor the binding of diatomic gases to metal centenrs be
probed using isotopes. Water, the natural solveat fmany biological
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macromolecules, has a strong absorbance at 1643tmnoverlaps with the spectral
areas that provide the corresponding protein sirattnformation. To achieve good
signal/noise ratios in the amide | region with pmtsolutions in water, the influence
of water has to be minimized by decreasing the dRmath length below 1m*.
The alternative is to work with concentrated (~m&hge) protein solutions in
deuterated water so that IR cuvettes with long patigths of 25 um up to 1Q0m
can be used to increase the S/N fafi6*® Table 3 shows some technical properties
of various infrared stopped-flow instruments ancbenparison with the commercial
stopped-flow apparatus.

The design of an IR cuvette coupled to the stogdfmdsystem is accompanied with
several technical problems. The flow resistancehef thin cell increases with the
inverse cube of the path length, which results imigh pressure build-up. Even a
slight pressure variation can induce noticeablengba in the path length and thus in
apparent IR-signal intensities. This problem camrds®lved by using a more robust
sealed cell of small internal volume, with thicKérmm) Cak walls and with a fast
relaxation timeg;, - the time required for the cell to relax frone thressurized to its
depressurized path length when the flow is stofp&therefore, the IR cell has to be
of high mechanical stability and maintain a constpath length because even
relatively low flow rates of ~3 mL mihlead to high pressure drops in the Cell
High flow rates are often a requirement for effintieurbulent mixing of aqueous
solutions, in particular, when working with conaaéd viscous proteins. In this
respect, the design of an SF-FTIR apparatus thertatgs at reduced flow rates and
low pressures enabling fast mixing by diffusion was very constructive
developmerit*® Moreover, in order to avoid high pressure flutrss, while
decreasing the dead volume and preventing formatfoair bubbles, the stopped-
flow apparatus was equipped with HPLC componerdsher than a drive-ram
systemﬁlzig. 4 shows the diagram of the FTIR stopped-flow apparakesigned by
Masuchi”.
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sample chamber
sealed CaF, of FTIR
flow cell spectrometer

5-10 mm
LIGA-structured
stainless steel
diffusional mixer
Chicyine substrate

High pressure syringe pump

Figure 4. Schematic drawing of the Fourier Transform Infrastopped-flow instrument. The figure
has been redrawn after Masuch and Moss 2003
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Table 3. Technical properties of various Infrared StoppeolFlinstruments and
commercial Stopped-Flow apparatus

comparison with

Stopped-flow
Technical Infrared
properties Commercial SF White et al* Kakuta et af® Tang and G4t mg‘zg‘;h and
Scanning speed a 1 1 50 ns |
(resolution) 4 (2cm) 4s MIR diode laser 30 ms (4 crri)
LIGA-
o glass-silicon- structured
Type of mixer T-mixer SIX et urbulent glass Bgrger ball stainless-steel
mixer N . mixer o
diffusive mixer diffusional
mixer
pneumatic drive | pneumatic drive ram| single high-

Reactant driving
system

ram or stepper
motor

operating at 0.55
MPa

double syringe
pump

stepper motor

pressure syringg
pump

2mm
Path length of the | fluorescence 50um 25um 100pum <10pm
optical cell 10 mm

absorbance

. . 3.5 MPa mixer

Max. back 19 MPa in the drive
pressure 200-800 KPa system (1:2”MPa flow
Max. flow rate 50mL$ 0.83uL s 2-3mLs' 0.05mL &
Volume of the 10uL
optical cell 40uL 1cmx 2cmx 50mm 15uL 0.7pL
Total instrumental) g g 5 o 40 ms >14s 5.7 ms 90/120 ms
dead-time

The time resolution of the stopped-flow IR devidssalso determined by the
scanning rate of the Fourier transform interferametnd the mechanical movement
of the mirror. Scanning rates are typically 100a$ 8 cni* spectral resolution, but a
rate of 25 & at 2 cnT is needed to resolve overlapping bands charatited$
specific conformers of enzyme-bound ligands. Dependn the SF-FTIR apparatus
used, the time resolution may vary, but is roughlythe range from 40 to 90 ms
(Table 3)***° Scan averaging is used to achieve higher timgugisn and improve
the signal-to-noise (S/N) ratio at the cost of éaggantities of reagents.

By designing an IR detection system equipped withigrinfrared diode (MIR) laser
and a mercury cadmium telluride detector (MCD #4Iang and Gai greatly
improved the dead-time of the stopped-flow IR appas to 6-15 ms, which was
dependent on the flow rates and limited by the ngixtime only>. By using a
guantum cascade (QC) MIR laser, both the time wéisol (~6-10 ms) and the S/N
ratio of the stopped-flow IR instrument can beldligimproved because a QC laser
provides more power, enables broader tunabilityd @ more stable than the
commonly used MIR.

4.2 High-pressur e stopped-flow and temper atur e-jump stopped-flow instruments

Pressure and temperature are both thermodynamiameters. Changes in
temperature simultaneously perturb both volume iatefnal energy while pressure
changes contribute to a change in volume and teatyerof a system. The equations
that describe the dependence of reaction ratesemsyre or volume are analogous to
the Arrhenius equation, which links reaction ratestemperature. Furthermore,
pressure effects are governed by Le Chatelieriscypie, which states thatsystem at
equilibrium subjected to a stress, will shift itpudibrium in order to minimize the effect
of that stressfor example, by an increase in pres8UfEherefore, both pressure and
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temperature are powerful tools in the study of gtability and dynamics of proteins
and for the study of protein-ligand (substrategiiattions. They affect the interaction
between solvent and chemical groups on the praterfiace, substrate binding,
enzyme stability and activity by perturbing the yme’s active site. In addition, high
pressure (and/or temperature) causes changes imatinee protein conformation,
which eventually leads to protein denaturation. Thelume increase upon
denaturation can be assessed from the effect syre. Pressures of 100-200 MPa
are sufficient to cause (the onset of) dissociatbmoligomeric proteins and protein
complexes, whereas small monomeric proteins arallysienaturated in the pressure
range from 400 to 800 MPa Careful selection of buffers that are insensitive
pressure and have minimal ionization volumes awdmenended to distinguish
pressure effects from changes in pH.

The volume of a protein in solution is determineg three contributions: 1) the
intrinsic volume composed of the volume of all Widual atoms, 2) the void volume
that is represented by the volume of internal cawitvithin the protein due to the
imperfect packing of amino acid residues and wisdhe most compressible volume
and 3) the solvation volume that is due to inteoast of chemical groups on the
surface of the protein with the solv&htSolvation includes the interaction between
water molecules and the apolar domains, dissoniatfosubstrate, breaking of ionic
salt linkages, charge transfer interactions as vasll the stacking of aromatic
residue’. Only the second and the third contributions ® wblume of proteins are
usually significant in determining pressure depebdehanges in structure and
activity. The void volume contributes positivelydathe solvation volume contributes
negatively to the total volume change when goingmfrlow to high pressures.
Denaturation is accompanied by a large increas®lwation, yet an overall decrease
in molar volume.

High-pressure stopped-flow (HPSF) instruments ifatd the study of a great number
of enzyme reactions at elevated pressures andridéoiahigh temperature3 éble 4).
Experiments at low temperature are not only dekdrdlecause the reaction rates
decrease, thus enabling detection of transientreazmubstrate intermediates, but also
because protein denaturation can be avoided. Eveaderate pressure increase can
lead to enzyme inactivation without a clearly disedle change in the protein’s
secondary structure. Such slight perturbationdénéctive site of an enzyme can be
analyzed by HPSF experiments.
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Table 4. Technical properties of Temperature- and Pressurg-jStopped-Flow instruments

Stopped-flow
Technical T jump Pjump High P, wide T range —
properties Kintses | Hui Bon Bugnon et af’ Balny et al®
64 6 Hoa et
et al’ Hoa et af 2169
Type of mixer | T-mixer 4-jet tangential mixeran-gg(tertangentlal
Max. flow rate| 18 mL$ 1mLs
Path length of 2 mm fluorescence 10 mm 5 mm
the optical cell 10 mm absorbance
Volume of the
optical cell 25uL 40 uL 30puL 400 uL
P jump 100-800
Pressure range +20 MPa 200 MPa 200 MPa MPa
Temperature | T jump i i -40 to
Range of 6°C 40 to +1068C 20 to +36C +3°C
Total
instrumental | 0.9 ms <3ms <2ms 20/50/100 ms second
dead-time

One of the first high-pressure systems called dip¢ical bomb’ was designed by Hui
Bon Hoa in 1982 This instrument was easily incorporated into @omional
spectrophotometers and could handle pressureglasabi700 MPa, and was capable
of absorbance and fluorescence detection betweéfC-40 +30°C. The main
components of the system were a high-pressure araf@guipped with 10 mm thick
sapphire windows and immersed in a thermostat batttaining liquid ethanol,
silicon oil or n-pentane), Bridgman’s high-pressseals, a metallic transducer for
monitoring the pressure and a high-pressure geareran optical sample cell, made
from a special quartz square tube (5 mm path lerfi@uL in volume), sealed by a
flexible Teflon membrane was mounted inside thessuwee chamber. Dry nitrogen
gas was used to prevent ice formation at the wirsdowthe sample cell. Even though
the sample cell could be pre-cooled and rapidlysado prior to the mixing
experiments, the instrumental dead-time was qaitg,lin the minute time range. In
this case the dead-time comprises the time tthi#llsample cell with mixed solutions
and closing the cell.

A subsequent high-pressure system designed by Baéisya modification of the
‘optical bomb’ described above and could only ofeeran UV-Vis absorbance
mode®*®> The instrument can handle pressures and tempesatuthe range of 10
MPa to 200 MPa and -20°C to +30°C, respectivelye Tstrumental dead-time was
greatly improved to 20, 50 and 100 ms in water @C2 in 40% ethylene
glycol/water at 20°C and at -15°C, respectivelye Timprovements included a rapid
optical detection system and maintenance of theam@lpressure homogeneity in the
high pressure-bomb by housing of the stopped-flpwasatus (equipped with the
two-jet tangential turbulent mixer) inside the bofbro avoid possible metal-ion
sample contamination, the sample cuvette (2 mm ma() was made from glass or
plastic. One of the key design elements of an HRB$$tem that is capable of
operating at low temperature, is the choice oflidn&d pressure transmitter (silicon
oil), since it must be transparent in the UV-Vipestral region, be noncorrosive, be
inert towards biological compounds and must renflaildl under high pressure and
low temperature conditions.
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The developments of stopped-flow instruments ateting of the last century made it
possible to study fast enzyme reactions over wedgerature and wavelength ranges
between -40°C and +100°C and 220-850 nm, respégtianed at pressures up to 200
MP&’. The modern HPSF system can be used with variolusrts, and is capable
of recording simultaneously in absorbance and #socence modes. This HPSF
system can be easily integrated into a conventiamdlient pressure setup by using
light guides. The dead-time of the setup (time eédedr the reacting components to
travel from the 4-jet tangential mixer to the obs¢ion cell) was <2 ms in aqueous
solution, up to 200 MPa and at room temperatur@ dlservation cell (2 mm x 2
mm x 10 mm) has 2 mm and 10 mm path lengths inrdsmence and absorbance
modes, respectively.

Pressure and temperature-jump techniques are suitedthods to reveal mechanistic
details of enzyme reactions. An apparatus able rtmiyze 20 MPa changes in
pressure with a dead-time of <3ms was designed biyBdn Hu&®. The basic
principle is to apply a pressure jump by quicklplgmg an excess of pressure via a
pneumatic valve to a system at equilibrium and wnmor the rate at which the
system reaches the new equilibrium state. In centthe novel temperature-jump
stopped-flow (T-jump SF) technique enables one ttalys enzyme reactions at
extremely high temperatures, even above the detatartemperature, provided that
the reaction rates exceed those of the denaturptimsess itself®*2 The mechanism
of an enzyme reaction can be resolved in greateaildd the temperature
dependencies of the various individual reactiopsstare different. Furthermore, T-
jump SF is helpful to determine the relation betwq®otein (un)folding and
temperature over a wide range of temperatures. Withapparatuskig. 5) single
and double mixing experiments can be performedthi case of single mixing
experiments, the heat-sensitive enzyme and the-stalsle substrate are first
equilibrated at room temperature. The reactantshere rapidly pushed from the two
syringes. The substrate is quickly heated to a éatpre well above the reaction
temperature by passing it through a heating loojtoway to the mixer. When the
enzyme and the heated reactant meet in the mixiamber the reaction temperature
is established. Very high temperature jumps of 6€8& be achieved almost instantly
by applying the double or sequential mixing techeigAfter the first stopped-flow
push of the drive ram system, the substrate isgateld in the heating loop (up to a
temperature of 90°C) and mixed with the heat-seesénzyme. On their way to the
second mixer, the reactants come to thermal equitibby flowing through a delay
line during which time the enzyme should not deraatéfter the second stopped-
flow push, the reacting solution is heated to it&lf temperature when it makes
contact with the hot buffer of the second mixemcsi the rapid T-jump occurs
simultaneously with the mixing of reactants, ther&no additional increment to the
instrumental dead-time (1 ms) due to the T-jumps Btrategy allows enzymes to be
characterized in much wider temperature rangesangequently Arrhenius and van
‘t Hoff plots can be determined in broader tempgeatanges too.
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Figure 5. Schematic representation of the Temperature-jumpppstd-flow instrument. The
approximate volume of the cuvette is 25 uL. Therfégis drawn after Kintses et al. 2666

4.3 Continuous-flow EPR and stopped-flow EPR

EPR spectroscopy can usually be performed at rampérature when monitoring
radicals, as opposed to transition metal ions, whitust be monitored at lower
temperatures. A continuous-flow aqueous samplefaelK-band EPR spectroscopy
has been commercially available for a long timasBgueous sample cell setup has a
dead-time of ~5 ms and an improved modified ver$ias an estimated dead-time of
~1 ms; both setups are suitable for kinetic studiesadical systerfid Continuous
flow systems are, however, very uneconomical imgeof reagents.

The first stopped-flow EPR instrument was reported1980 using a four-jet
tangential mixe. The dead-time was only ~1 ms owing to the latge frelocities.
However, the vigorous stop of the liquid flow predd strong mechanical shocks of
the finely tuned resonant cavity (microphonics),ickhresulted in large artificial
peaks in the EPR spectrum, limiting the kineticalgses’. Two developments have
greatly improved the performance of continuous-fimwad stopped-flow EPR devices.
One is the use of stepper motors to drive the ggancontaining the reactants. The
second one is in the cavity design. The new instnisnuse a so-called loop-gap or
dielectric ring resonator.
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The continuous-flow EPR device described by theofshgroup has a sophisticated
aqueous sample cell which enabled the kinetic uéisol of the rapid refolding of
spin-labelled iso-1-cytochrome with a time resolution of 150 pys. The aqueous
sample cell is based on the continuous-flow capillanixe>*’" The major
disadvantage of this system remains the uneconbrusm of protein (~1 mL at
~0.5mM for one experiment), in spite of the veryadirdetection volume of only ~ 0.5
uL. EPR spectroscopy at room temperature in aqusolusion is rather insensitive
requiring high concentrations of sample. The pcattconsequence is that the low
population of native transient radicals which acaolate to <10% usually fall below
the detection threshold, thereby limiting the mlailmchemical applications of EPR to
spinlabel-modified proteins. The study of nativengient radicals is facilitated by the
RFQ and MHQ instruments.

A sophisticated stopped-flow EPR setup was recaethprted, which builds further

on the continuous-flow device described the Schgtesip that incorporates a loop-
gap resonator and stepper mofar§he device has a hard-stop valve and is buit in
compact way to minimize microphonics. Mixing is ssted with a small Berger ball

mixer with a total dead-time of 330 us. The fulthirical details, which deal to a great
extent with the optimization for EPR studies, hae¢ been included in this review.

Further details are provided by Lassman et al., whas a detailed historical

overview of the development of continuous-flow atobped-flow EPR equipméfit

4.4 Other stopped-flow techniques

Stopped-flow NMR instruments were first construciadthe 19708. The key to
producing the short dead-time is to position thexeniand observation cell close
together. The mixer components usually disturb tiegnetic field homogeneity
hampering reliable data acquisition. As a consecgi¢ine mixer is placed outside the
magnetic field coils. Most instruments have deates of 100-200 ms, but the best
apparatus has a total dead-time of approximatelyn®8 "3 Another miscellaneous
stopped-flow technique using EXAFS detection haanbaescribed with a dead-time
of ~5 ms, but no biological applications have besgorted so fdF.

4.5 Hydrodynamic focusing

As a fluid flow is squeezed or ‘hydrodynamicallycésed’ into a thin stream, the
diffusion distance is reduced to as little as a femnometers, yielding diffusive
mixing times in the microseconds. Hydrodynamic ®nog (lamination) was first
proposed by Brody et al. and has opened new aveaawehieve rapid mixing at low
pressures and with minimal sample consumpliotdydrodynamically focused
continuous-flow mixers, capable of mixing liquidsithin 10 ms, with sample
consumption rates of nanoliters per second wereldped by Knight et al. in 1988
This mixer consists of four channels (two inletesichannels, a central inlet- and
single outlet-channel), which are ufh deep and wide and intersect at the center of
the mixer chip (cfFig. 6). The buffer solutions from two symmetric orthogtn
positioned inlet channels focus the sample solutiom the center channel, which
ends in a nozzle of @m, into a thin stream down to the exit channel. ©focused,
this thin stream maintains its small width of |&san 50 nm unless it is broadened by
an increase in channel width or by diffusion inke tside flow. The width of the
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focused stream does not depend on the magnituttee afpplied pressure, but rather
on the ratio &) of the side pressurd®$) to the inlet pressure?{), a =Ps/Pi This
ratio is, however, controlled by varying the floate ratios at the mixer intersection
(Fig. 6). Hertzog et al. improved the methodology to @eatdevice with a mixing
time of 8 p8% The mixer consists of a sample stream (6Owide and 9 mm long)
that enters the mixing chamber through a centraizleo(~1-2um wide) and is
focused by two side supply channels (60 wide and 9 mm long) into a 0.4in thin
stream down to the exit channel (2Qén long, constant width). Moreover, the
optimization of the mixer design entailed the uksmall nozzle diameters and a high
exit velocity (2.9 m g). The flow-rate ratios of the central and sidercieds of 1:100
resulted in a very short mixing time. The mixing& was decreased from 8 ps to 4 us
with only femtomoles of sample consumption by fehtion of a small nozzle at the
intersection of the three inlet channels, whichvtes a local flow velocity increase
in the region where the jet is formédin 2007 Yao et al. improved the mixing
uniformity across the streamlines prior to thefgemation by reducing the size of the
nozzle (the intersection of the three inlet chasinehd by minimizing the bend of the
side channel streamlirésBy increasing the local velocity in the mixingachber and
the total flow rate of this redesigned micro-fluslidevice the mixing time was
reduced to 1 = 1us. These micro-machined devices with very shortimgiximes,
sensitive detection of very small amounts of flsoent sample by confocal
microscopy and very low reagent consumption catstitmpressive achievements.
However, the mixing times quoted by the researchersn the authors’ opinion, not
realistic. The diffusion mixing time of ~1 ps woutdrrespond to diffusion lengths of
~50-100 nm, which are roughly similar to the widtbé the focused streams
reported ™" However, the detection methods used to assessmikig time,
fluorescence quenching by iodine of fluorescein &RET (Foster or fluorescence
resonance energy transfer) in the single-strand BNy are not reliable to establish
mixing. Both fluorescent methods work at a distarka@thermore, the experimental
iodine to fluorescein ratio was 0.5 M to 10 uM, ahiis such a high excess of the
quencher that only a small amount of diffusion loé iodine would be required to
guench the fluorescence. Neither method involvediract collision between the
reactants to quench the fluorescence, in contmastltother test reactions that are
employed to determine dead-times of (turbulent)ingnstruments. A better test for
the determination of the dead-times of the hydragyic focusing instruments would
be a simple acid-base reaction with the reagentmimapproximate 1:1 ratio with a
pH-sensitive fluorescent dye like HPTS (1-hydroxygme-3, 6,8-trisulfonate).
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(d)

Figure 6. Continuous flow hydrodynamic focussing) Hydrodynamic focusing witl®i = 5 psi and

a = 1.1 in the mixing region of the continuous-flowixer. The three dimensional structure of
hydrodynamically focussed streams wiRh= 5 psi and §) a = 0.5, €) a = 1.0 and @) o = 1.1.
Redrawn after Figs. 1 and 2 in Knight et al. 1898

5. Rapid freeze-quenching techniques

Rapid-mixing/rapid-freezing techniques (RFQ) wereveloped in the 1960s and
1970s and initiated by workers in the field of niietaedox-enzyme&?®#+ These
researchers aimed to understand the role of transietal centers in enzyme
catalysis for which EPR spectroscopy is of enormmoatue. However, EPR
spectroscopy of transition metals must generallpérormed at low temperatures to
slow down spin relaxation, which renders the camius-flow and stopped-flow
techniqgues described above inadequate. In additBAR and several other
spectroscopic methods require relatively high cotregions of proteins or enzymes,
yielding solutions of high viscosity. In order tbtainRe> ~2000 a four-jet tangential
mixer was designed that proved capable of mixirggadis solutions in conjunction
with a more powerful sample delivery device or dfram system than is normally
used in the stopped or continuous-flow devices.
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Ram Syringe

Mixer body
R

Drive

ating cold pl

Figure 7. Basic sketch of the rapid-mixing rapid freezingupeas used in the RFQ and MHQ devices.
Liquid isopentane is cooled to 130-140 K; the gkgirtlistance between mixer body and isopentane is
~1-2 cm. In MHQ devices, rotating cold plates dgiteroused to quench the reaction.dd R denote
reactant 1 and reactant 2, respectively. The dgusimdapted from de Vriest 2087

5.1 Therapid-mixing/ rapid freezing sampling technique (RFQ)

A schematic diagram of the rapid mixing/rapid fiegzsetup is depicted iRig. 7.
The instrument is commercially available and iseasially a continuous-flow system
with the addition of a quenching bath filled wiilquid isopentane at ~130-140°K
The construction, mixer dimensions and specificetioof the RFQ have been
reviewed in detail by the original desigri&?s®*®® Briefly, the RFQ instrument
consists of a powerful (~373 W) hydraulically, prmatically or stepper-motor driven
ram to ensure that the pistons, which are tighgbled into the syringes, are pushed at
aconstantspeed. The reactants are mixed in the mixing clearf@four-jet tangential
mixer Fig. 8) and subsequently enter a tube that ends in alengdimmeter ~0.25
mm). The mixed reactants are sprayed through tael@aonto a bath containing the
cryo-medium where the reaction is rapidly quenctied to freezing. In most setups,
the distance between the mixer body and the liggogentane is approximately 1-2
cm. In order to vary the reaction time, the lengthhe tubing is changed rather than
the ram speed because a low a ram speed will resutadequate mixing of the
viscous solutionsRe< ~ 2000). The shortest reaction times are obtaoyedmitting
the tubing and mounting the nozzle directly onnfiger body Fig. 8). The minimal
dead-time of the RFQ is 5-7 M$%*? Liquid isopentane (at ~135 K) is the most
commonly used cryo-medium for quenching, but ligetdane (at ~90-120 K) can
yield shorter freezing times. The advantage ofitiqgthane over liquid isopentane is
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that it can be pumped off under vacuum providirsplzent-free powder amenable to
resonance Raman spectroscopy, for example, atdopératures®

A Q) g
| |
B — > G —

~——— =

Nozzle
A, BandC Jet 6 ~ 0.2 mm

Teflon

Figure 8. Ballou-Palmer four-jet tangential mixer used in Rafreeze Quench shown in the
configuration with the shortest dead-time whengheying nozzle is attached to the mixer body. For
longer reaction times, tubings of various lengtlesattached to the mixer body, ending with a spigyi
nozzle. The mixer body is made from Lucite. Figigérawn from Ballou and Palmer 1$%4

The cold powder that is obtained after spraying ithie cryo-medium is difficult to
handle because of its electrostatic nature. The skectricity can be greatly reduced
by using an anti-static gun, greatly facilitatingcging the powder in X-band EPR
tubes. The electrostatic nature of the fine-graipedider may cause clogging and
sticking to quartz or glass during sample prepanatSamples packed in EPR tubes
are adequate for low-temperature UV-Vis diffusée@bnce spectroscopy, resonance
Raman spectroscopy or EPR spectroscopy. Howevecifgpdevices and sample
holders must be constructed for low-temperature \il&/- spectroscopy, Q- or W-
band EPR, ENDOR, ESEEM, MCD, Mossbauer spectrosarpy-ray absorption
spectroscopy (XAS or EXAF&)® In spite of this, the sampling methodologies
enable one to study enzyme catalytic mechanismmaéiyy different spectroscopic
methods.

The RFQ setupHig. 7) is easily extended to a double mixing system &maithree
syringes plus a second mixer, similar to the setlestopped-flow setup. The
sequential mixing strategy (‘push-push’) enables tmstudy reactions in which one
of the reactants is an unstable or metastable contbdvioreover, sequential mixing
is used in chemical-quench instruments, which maycbnsidered a variant of the
double mixing RFQ setdf. In chemical-quench studies the contents of thed thir
syringe serve to quench the reaction. The tubeeximy the two mixers or delay line
determines the reaction progress. The quenchingamady be a highly acidic or
basic solution, or a solvent in which the reactranlonger proceeds, and/or media
which generates a phase separation of the regutaghiicts. The overall dead-time of
~2 ms is somewhat shorter than for rapid freezencjueHowever, the dead-times of
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60 us for chemical quenching obtained with capjllaricro-mixers described above
are superior to that obtained with an RFQ-likerimsient>.

5.2 The RFQ mixersand dead-time estimation

The components of the four-jet tangential mixerdusethe RFQ have been described
in Paragraph 3.3 andFig. 2b. The complete mixer as constructed by Palmer and
Ballou is shown inFig. 8?2 The mixing time in this mixing chamber is ~50 us
(Table 5). The three gaskets are held together in the ntigdy by four long screws
that are tightened until the system is free of $edlhe spraying nozzle can be screwed
into the mixer body to obtain the shortest reactiames, or connected to tubing of
different length to vary the reaction times. Desptie short mixing time of ~50 us,
the total dead-time of the RFQ instrument is 5-7 Tige dead-time of freeze-quench
instruments is usually determined using the reactb metmyoglobin with azide,
changing the initial high-spin state of the fefeme to the low spin state, of which
the kinetic parameters have been well establf$h@te two spin states have different
non-overlapping EPR signals, and the amount of emien at a particular time can
be determined in a single sample. This technique draat advantage because the
calibration of the dead-time is independent of dangacking, which can vary +15-
20% between different samples. In addition to EfdR,sample analysis can be done
by low temperature UV-Vis spectroscopy or by resmea Raman
spectroscopiy 2192

In general, the total instrumental dead-time offteeze-quench mixing-and-sampling
procedure (both RFQ and MHQ, see below) can balédvinto three steps. In the

first step, the reactants are mixed with a charestie mixing time ({.,). In the second
step, the sample is transported from the mixingrdyex to the cryo-medium through

a tube (of variable length) and subsequently asea fet, givingZ;, the sample-
transport time. Finally, the sample is quickly feozin the cryo-medium (e.qg., liquid
isopentane) or on a rotating cold plate (MHQ), aunemg the chemical reaction,

yielding T, the cryofixation or quenching tirtie'*3
The total sample-ageing timé&,, is expressed as the sum of three terms:
I=Th+ I+ [, (Eq. 7)

In the case of RFQ thé&, is ~50 us; the shortest transport distance tathe liquid
isopentane bath is 1-2 cm when the spraying nagaiiérectly attached to the mixer
body. At the maximal linear jet speed of ~44 Tntlse shortest sample-transport time

I is 0.5-1 ms. The actual freezing tinfgin isopentane at 135 K is 4-6 ms with a

nozzle diameter of 200-250 #fnThus the total dead-time for the RFQ setufy &7
ms (Table 5). The rate of freezing is dependent on the nodidmeter, the jet speed
and the temperature of the quenching medium. Fegreistane at 100 K the freezing
time is estimated to be 8-9 fiis
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Table*5. Specifications of rapid
times.

mixing devices performirgtlae limit to achieve the shortest dead-

RFQ™ MHQ

Technical properties Cherepanov and | Tanaka et al° | Lin et al’™
de Vriesf®194°4

Mixing volume 68 nL 10 pL 5.6 nL 450 pL
Exit channel diameter, pm 200 20 60 10x100pum
Rein mixing chamber 7,000 4,000 3,000 700
Max. back pressure\P, bar) 9-15 200-400 12 4
Max. flow rate (ml mif) 83 4 8.4 1.2
Linear speed (my 44 200 49 20
in channel or jet
Mixing time 50 us <lus 40 us 20 pus
Experimental Quenching time| 4-6 mg  30-50 ps 2701450 96-159 u$
Total instrumental ~ 200 us ~50 us
Dead-time 5-7ms | 70-80us ~ 500 g ~ 175 ué

*Calculations ofReandAP are based op= 10’ kg mi® andy = 10°kg m* s*
#Calculated by the authors of this review as desdrib the text

5.3 Microsecond freeze-hyper quenching (MHQ)

The dead-time of the classical RFQ methodology-@frs is too long to study fast
enzyme reactions (turnover time below ~1 ms) suctha initial steps in the reactions
of oxidoreductases. Over the last decade the dewddf freeze-quench instruments
has been improved to cover the microsecond timgergdr100 ps). In these MHQ
(Microsecond freeze-HyperQuenching) instruments fteezing is so fast that the
produced cold powder is initially composed of ¥Vi&d water rather than tiny ice
crystals. Key to the new instrumental devices &uke of a micro-mixer, which can
be constructed by micro-machining technology. Thieroamixers that have been
described are a miniaturized four-jet tangentiakeni(Fig. 9) and a T-mixer both
made from stainless-steel and a micro-fluidic mixerde from silicoff4%4°>46:102.104
The silicon mixer contains alternating passage$®f20 and 50 pum~g. 10) that
enable mixing at lovRein the non-turbulent regimd éble 5). The advantage of this
mixer is that relatively low flow rates are needed fast (20-25 ps) and complete
mixing and that as a consequence the build-upexdsure in the system is lowdble
5). The mixing time in the four-jet tangential miemuxer is <1 ps due to the small
dimensions of the mixing chamber with a volume @fpL (Table 5). All three MHQ
instruments use HPLC pumps for solvent deliveryeiad of a pneumatic or hydraulic
drive-ram system as in the RFQ.
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Pre-mixing Pt inlay

chamber

= d

Figure 9. Schematic drawing of the four-jet tangential mionixer used in MHGP324%6 Mixing
occurs in the orifice of thet inlay (MHQ). R and R denote reactant 1 and reactant 2, respectively.
Channels in the mixer body are 300-um diameterchannels leading to the pre-mixing chamber are
50-70 um wide and deep; the orifice diameter i 80 The mixed reactants of the jet are quenched in
quui;ilgisopentane or on a tungsten-coated rotatold platé®“ The drawing is adapted from de Vriest
2007°.
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50x100 pm

10x100 um

1Silver rollers

Figure 10. Silicon micro-mixer used in MHQ by Lin et &2 The alternating passages in the upper
part are drawn as ovals and create passages fdiqtie stream of 10, 20 or 50 um. The residence
time in the lower part leading to the jet is 23 th& shortest distance to the rapidly rotatingesilfor
copper) rollers is 0.5 mm. The silver rollers aremiersed approximately half way in a bath of liquid
nitrogen.

In spite of the miniaturization, the mixing timed$ the micro-mixers are not
significantly better than that of the RFQ mixercept for the four-jet tangential
miniature mixer Table 5). As a consequence, the speed of the jet in MHQ
instruments is not significantly higher than in RE€ups, except for the MHQ setup
of Cherepanov and de VriesTable 5). All three MHQ instruments use a solid cold
surface for quenching, while the MHQ setup of Cphar®v and de Vriest can also be
used with liquid isopentaf®&*>“®1%* Quenching occurs on fast rotating silver or
copper wheels at 77 K in the MHQ devices of Tanakaal. and Lin et al.,
respectively, while a rotating cylinder at 80 Kuised in the setup of Cherepanov and
de Vriesf®**1% The free jet trajectory, the distance betweenntixer exit and the
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cryo-medium, is minimally 6 mm for the rotating ieger or 2 cm when isopentane is
used in the MHQ device of Cherepanov and de Vifeghis corresponds to minimal
sample transport times of 30 us and 100 ps fordtaging cold plate and isopentane
guenching devices, respectively. The minimal fiegdrgjectory for the instruments of
Tanaka et al. and Lin et al. are ~10 mm and onby rAm, respectively, yielding
minimal transport times of 200 us and 25 s, raspey. The sample transport times
of the MHQ devices are considerably shortened with respect to the RFQ
instruments Table5).

Tanaka et al. and Lin et al. tested the dead-timegheir devices with the
metmyoglobin-azide reaction and concluded thatetvesre similar to the calculated
values of ~200 ps and ~50 ps from the mixing amajpda transport times. However,
the metmyoglobin-azide test reaction reported wagopmed at maximal rates of
1580 &' (1 ~ 630 ps) and with such a comparatively low reactiate, one cannot
determine the dead-times quoted above relidblyrherefore, the authors of this
review consider the apparent correspondence betaadenlated and measured dead-
time fortuitous. In addition, the calculation igesrthe true freeze-quenching time,
which was carefully determined at azide concemnstiwhere the reaction with
myoglobin proceeds at rates >10.000 %8 The authors determined true freezing
times of 30-40 ps using liquid isopentane and 40480using the rotating cold
plate®*>*® |t was further determined that the freezing tim@roportional to the jet
diameter, as theoretically expectetf1°>% Thus the true freezing time of 4-6 ms for
RFQ where the diameter of the jet is ~200-250 (smn ifact totally consistent with
the true freezing times of 30-50 ps for a jet disanef 20 um for the MHQ device
designed by Cherepanov and de Vriest and a total-tiee of 70-80 ps (sekable

5). Using the jet diameters of the micro-mixers geed by Tanaka et al. and Lin et
al. the true freezing times of their MHQ instrungeate calculated as 270-450 us and
96-159 us, respectively, yielding total instruménk@ad-times of ~500 ps and ~175
us, respectivelyT{able 5). These calculated dead-times are further comdigtgh the
detection by the de Vriest at al. but not by Taneikal. or Lin et al. De Vriest at al.
performed similar experiments of hitherto unknowansient tryptophan radicals in
cytochromebo; oxidase and of a new short-lived (~100 ps) high-dprric-azide
intermediate by resonance Raman spectroscopy in rids&ction between
metmyoglobin and azid@?!®8102104.108

The great advantage of the MHQ devices of Tanalké @ind Lin et al. is the sample
packing procedure. The cold powder is ground byctimper or silver wheels used for
guenching to a non-electrostatic coarse powderghvisi easily packed to a density of
60% in X-band EPR tubes. In contrast, in the MHQ@iacke of Cherepanov and de
VriesT the density of sample packing is only 10%doenching in liquid isopentane
and 20% for quenching on the rotating cold plateré&dver, the packing procedure

for the fine electrostatic cold powder requires cge open-ended EPR
tube§5'46'97‘1°4'10.9

The pressures up to ~400 bar (40 MPa) that occuergt high flow ratesTable 5)

may seem high, but are similar to those that oocttine French pressure cell to break
open cells and do not lead, in general, to dentduraf the enzymes under study.
The HPLC system that is used for the MHQ experisshuts off at 40 MPa, is also
successfully used to purify proteins and enzymeshé author’s experience, none of
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the approximately twenty enzymes that have beediestudenature during MHQ
experiments, evidenced by the 90-100% preservatia@nzyme activity determined
after thawing and assaying the freeze-quenchedlsamp

6. Conclusions and outlook

The stopped-flow, continuous-flow and rapid-mixsehpling freeze quench
technigues have contributed enormously to our imgigto the catalytic mechanisms
of a wide range of enzymes despite the superioe tiesolution of (light-initiated)
relaxation techniques. The stopped-flow and cowtiistflow devices enable reactions
to be monitored across wide temperature and pressanges by UV-Vis,
fluorescence, CD, NMR, FTIR and EPR spectroscopy. this list of the
spectroscopic methods the RFQ and potentially tHéQMmethodologies enable
resonance Raman, Mossbauer, ENDOR, ESEEM and EXggestroscopy. The
rapid-mixing techniques described in this revie® general and versatile and because
they are easily combined with various spectroscaeahniques, applicable to the
study of enzyme catalytic mechanisms. In the neEdly years since the development
of the first rapid-flow methods, the pre-steadytestiinetics of numerous enzymes
have been analyzed. This has provided informatiorcanformational-, substrate-,
ligand- and protonation-state changes during csigin all classes of enzymes. With
respect to the oxidoreductases, such studies hHweded, in addition, rates of
electron transfer and oxido-reduction kinetics efe centres, iron-sulphur centres,
mono and di-iron centres, single and multiple M¥e;, Co-, Ni-, Cu-, Mo-, W-sites,
amino-acid main-chain and side-chain radicals, apen flavin, pterin radicals et
cetera.

The production of hyperquenched samples by thentlycdeveloped MHQ methods
makes it possible to study enzymes and enzymemetdiate states in the (near)
native state of vitrified water, as if in aqueousluton. MAS-NMR at low
temperatures is a promising technique to study raezymechanisni®® The
application of MAS-NMR to MHQ frozen samples belaive ice-glass phase
transition temperature would yield a 3D-structufeadrue catalytic intermediate in
the native state. The structures of a series efnimediates could provide a 3D-movie
that delineates the structure-function relationshipenzyme catalysis as has been
done successfully in a relaxation-type experimesingi time-resolved x-ray
crystallography*®.
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Design of turbulent tangential micro-mixersthat mix liquids
on the nanosecond time scale

Sandra Mit¢ , Jan W. van Nieuwkasteele, Albert van den Berg,
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Abstract

Unraveling (bio)chemical reaction mechanisms androraolecular folding pathways
on the (sub)microsecond time scale is limited bg thme resolution of kinetic
instruments for mixing reactants and observatiothef progress of the reaction. To
improve the mixing time resolution, turbulent foland two-jet tangential micro-
mixers were designed and characterized for thexingiand (unwanted) premixing
performances employing acid-base reactions mouwitbyea pH-sensitive fluorescent
dye. The mixing performances of the micro-mixersevdetermined after the mixing
chamber in a free-flowing jet. The premixing beloavin the vortex chamber was
assessed in an optically transparent glass-siliplica of a previously well-
characterized stainless-steel four-jet tangentiatermixer. At the highest flow rates,
complete mixing was achieved in 160 ns with onlpragimately 9% premixing of
the reactants. The mixing time of 160 ns is attlé@gimes shorter than estimated for
other fast mixing devices. Key aspects to the daesif)ultrafast turbulent micro-
mixers are discussed. The integration of theseasuxers with an optical flow cell
would enable the study of the very onset of chehmieactions in general and of
enzyme catalytic reactions in particular.
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Introduction

Studies to delineate the mechanism of (bio)chemezdtions are performed in either
of two different ways. A reaction can be initiatbyg rapidly mixing two or more
reactants, or an initial equilibrium is suddenlgtdrbed, for example, by a short laser
pulse, so-called relaxation technigtiesThanks to the development of the laser
during the 1960s and of ultrafast lasers during past two decades, the time
resolution of relaxation techniques is below feratmsds, enabling characterization
of ultra-transient states in chemical reactiong@termination of the (sub)picosecond
kinetics of electron transfer in photochemicallytieated reaction centers of
chloroplasts and photosynthetic microorgan§im3he time resolutions for turbulent
mixing and subsequent observation in stopped-flo@.5-1 ms® and continuous
flow (~11-50 p&®) mixing instruments are much lower than those rigaxation
techniques. The shortest time scale for protein RN\ folding or breaking and
making chemical bonds in reactions catalyzed bymes is 0.1 to 1 #$°**and,
thus, is not accessible with mixing techniquest eEazymes with kinetic phases on
the (sub)microsecond time scale include many mesntiethe oxidoreductases (e.qg.,
catalase, cytochrome oxidases), hydrolases (ecgtyleholinesterase), and lyases
(e.g., carbonic anhydrase) but are also found antib@gsomerases and ligases. In
general, the reaction progress of oxidoreductasesbe monitored by ultraviolet-
visible (UV-Vis)' spectroscopy or vibrational spectroscopy at lefast heme
containing enzymésfluorescence spectroscopy is more appropriatéh@rstudy of
the other classes of enzymes. To approach the 8oae of 0.1 to 1 ps
experimentally, the need for mixing reactants carmobviated by the application of
caged compounds, that is, photolabile substratlbogumes that are premixed with the
enzyme and activated on a (laser) flash of figfht'® However, the study of the
catalytic cycle of the great majority of enzymeguiees that enzyme and substrate be
rapidly mixed. A comparison of the shortest timeales of enzyme-catalyzed
reactions and of the best mixing instruments indgahe need to improve the mixing
time resolution of the kinetic equipment in parta&outo record as many transient
states as possible to define the catalytic mechanis

The first instrument with subsecond time resolutil@veloped to mix two solutions
was described in 1923 by Hartridge and Roughtots €bntinuous-flow instrument
with its inherent high sample consumption rate @ygdl a four-jet tangential mixer
(dead-time of ~10 m§ improved a few years later to ~2f)sand was used to study
the binding kinetics of @to hemoglobin by means of UV-Vis spectroscopy. Tomng
axis of the transparent flow tube served as thee tamis; optical changes were
monitored perpendicular to the long axis. The mxtelopment in time resolution (~1
ms) along with a great reduction in sample consionptvas the stopped-flow
instrument designed in 1940 by Chafic&he time resolution of this now widely
used instrument cannot be significantly improvedétow approximately 0.5 ms, in
spite of miniaturization, because it is determifgdthe speed of arresting the fluid
flow. The stopped-flow instrument allows detectioh reactions by UV-Vis and
fluorescence spectroscopy, circular dichroism, Eeouransform infrared, resonance
Raman spectroscopy, nuclear magnetic resonanééray absorption spectroscopy
Significant improvements in mixing time resolutiomere achieved with the
continuous-flow instruments designed in 1998 by é&aghd coworkef€**?*and in
2007 by Takahashi’'s grotighat enable UV-Vis and fluorescence detection. The
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instrument designed by Roder employed a capillaigrarmixer with smallest
channel dimensions of approximately 200 pum wheedflhw is laminar and &t ball

to mix the reactants in 10 to 15 ps by turbulenking. The total dead-time for
observation of this instrument amounts to approéya50 ps, which includes the
mixing time, the dead volume, and the time to tfilé observation chamber. In the
instrument designed by Takahashi, the reagent flan@snonlaminar before mixing,
which increases the mixing efficiency when the foeollide, decreasing the dead-
time to approximately 11 pus. An important key tgpnove the mixing time resolution
in these latter studies was miniaturization offtber channels (~10 pm), leading to
smaller dead volumes and, hence, to shorter desebti

Micro-mixers (channels ~ <500 pm) are mostly uset_ab-on-a- chip’ devices for
analytical purposé$? The use of microfabricated structures and miaidits offers
many advantages, including new functionalities hbrgthroughput, reduced sample
consumption, shorter analysis time, and reducedratipg and manufacturing
cost$>?>?% However, the majority of the micro-mixers useddh-on-a-chip devices
usually operate in the laminar flow regime at lowyRolds numbers (<100) that
generally limits their mixing efficiency and timesolution, in particular in the case of
simple mixer geometries (T- and Y-mixers). The aincy or degree of mixing
depends on the dimensionless Reynolds numiRer,Rapid and complete mixing
requires turbulent flow conditions to disperse teactants to the molecular level of
the solvent(s) so that the collision rate of the&ctants is governed only by diffusion.
The transition from laminar to turbulent flow ocswatRe ~2000 for flow in pipe¥,
whereReis given by the equation

Re='0x<,l;>Xd (Eq. 1)

wherep is the solvent density (equal to 1000 kg for water at 20 °C), © > is the
linear average flow velocity of the liquid in a cmel (m §), d is the hydraulic
diameter of the channel (m), ands the dynamic viscosity (equal to 1&g m* s*
for water at 20°C). To enter the turbulent regimenicro-channels of 100 pum, linear
flow rates greater than 20 nit are required. Such high flow rates lead to a lowildf
pressureAP) according to Bernoulli's velocity/dynamic press@quatiof?:

AP =0.5pQ<v>) (Eq. 2)

The calculated pressure for the turbulent regimehennels of 100 um amounts to at
least 0.2 MPa but may be as high as 0.5 to 1 MRPaaictice due to wall friction and
increased viscosity of concentrated solutions. Somes greater than 0.2 MPa are
much higher than those usually generated by theokydamic flows in uTAS (micro
total analysis system) and MEMS (micro electromeit® system) devicéd High
pressures require a robust design that appeas itccbmpatible with the majority of
lab-on-a-chip devices. For these reasons, manystgpenicro-mixers for Lab-on-a-
chip applications that operate at low hydrodynapriessures° while able to mix
reactants in approximately 1 ms have been desigrted.is achieved by introducing
complex premixing geometries that generally inceedde® contact areas between the
reactant flow& % For example, contact areas can be increasedlittyngpincoming
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flows into several narrower streams that later jaendescribed for 4-jet and 16-jet
tangential mixerd=>?

In hydrodynamic focusing devices, a thin streanfafexample, a protein solution is
squeezed between two reagent stréafif€ The small width and depth dimensions of
the stream carrying the protein solution (~30 nfintm and ~10 um, respectively)
allow rapid diffusive mixing (~4-10 ps and with kim of only ~1 p¥) with the
reagent with minimal protein consumptfdf? Thus, protein and RNA folding
intermediates that occur on a short time scaledcdnd studied by fluorescence
spectroscopy, in particular by FRET (Forster resoranergy transfér)*

Inspired by the developments listed above, we wieterested in the design
requirements for turbulent micro-mixers with mixitighes in the (sub)microsecond
time domain for use in real-time spectroscopicrimsents for the characterization of
ultra-transient intermediates. Premixing in suckxers should, in contrast to mixers
used in lab-on-a-chip application, be minimized gneferably be absent because it
significantly adds to the dead-time for observatitm view of this, the authors
previously designed a stainless-steel turbulent-jetutangential micro-mixer with
channels of 100 um, enabling maximal linear flowesaof 200 m § and maximal
operating pressures of 40 MPaThis mixer was integrated in an ultrafast freeze-
quench instrument that achieves a shortest deaddfrii5 p&**** In this stainless-
steel micro-mixer, mixing appeared to be completéithin approximately 2 pg®,
which is at least five times faster than in RefsHowever, given a smallest mixing
volume of 10 pL, the true mixing time of this stess-steel mixer can be calculated
as approximately 160 ns (¢fig. 1). Precise knowledge of the mixing time was not so
important for the freeze-quench procedure becawsdime resolution of the setup is
determined mainly by the 40- to 50-us freezing titdewever, exact knowledge of
the premixing and mixing behavior, which determirks total mixing time, is a
prerequisite to successful integration of thisiarilar mixers in future ultrafast real-
time optical applicatiod$. To validate the calculated mixing time of 160 &
designed several four-jet and two-jet turbulent ronmixers that are optically
transparent analogues of the stainless-steel &utgngential micro-mixer and
determined their premixing and mixing times. Theufes show that mixing liquids on
the nanosecond time scale is possible, and guetetim build instruments for kinetic
research with the highest possible time resoluti@ndiscussed.

M aterials and methods

We previously designed a stainless-steel fourggigéntial micro-mixer Kig. 1)

capable of completely mixing two liquids within 2 {f. High flow rates that generate
sufficient turbulence for complete mixing of (viss) solutions were obtained with
two high-performance liquid chromatography (HPLQ)rps with a 40-MPa pressure
limit described previousiy***** In this work, we report the properties of repiaaf

this stainless-steel micro-mixer with minor vamas. Mixers were made from
plexiglass or from glass-silicon. The stainles®istand plexiglass micro-mixers were
used to quantitatively determine the final mixingrfprmance by measuring
fluorescence appearance in a free-flowing jet. Vi&® aonstructed an optically
transparent glass-silicon chip with a four-jet tmial mixer to quantitatively
determine the premixing profile. Each mixing setopnsists of a mixer body
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connected to the HPLC solvent delivery system asddefined below, comprises a
premixing chamber, a vortex chamber, and a miximgntber. The (mixed) reactants
leave the mixing chamber, which is essentially afice, as a free jet (sd€gs. 1 and
2). The glass-silicon mixer did not, however, proglug stable free-flowing jet,
preventing direct quantitative determination offitel mixing performance. The high
flow rates used in this work require high pressufggproximately 30% of the glass-
silicon mixers remained intact at pressures updtto1l5 MPa. The glass-silicon chip
was fabricated using standard micro-fabricatiorhiégues with one Pyrex glass
wafer and one double-sided polished silicon wastandard substrate cleaning steps,
(three) film photoresist deposition steps and @hrghotolithography steps, and a
glass-silicon anodic thermal bonding step, as mediin Ref>. The channel etching
in the silicon was done by the dry etching Bosabtpss.
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Figure 1. Schematic drawing of the four-jet tangential ABARainless-steel micro-mixer and its
plexiglass analoguesl)(The stainless-steel micro-mixer. Reactahtand B enter the mixer body as
shown, are subsequently split, and meet at a ‘Gribss premixing chamber. Liquids may meet in the
ABAB (111) or AABB (1V) arrangement.l{) After the premixing chamber, the fluids enter tloetex
chamber (shown as cross section; in the AABB migkannel A and channel B would meet) present in
the Pt inlay and are then forced through the orifice. Pliénlay is fitted to the mixer body by a brass
screw cap (not shown; see in B8f. The channels are offsdi, 1V), by a full-width (stainless-steel)
or two-thirds width (plexiglass) of the channel.
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mixing chamber
with an orifice

’ %rtex chamm 70/50/30/25 pm
/ \
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premixing chamber

Figure 2. Design and geometry of the four-jet tangentialABglass-silicon micro-mixer chips with
orifice diameters of 25, 30, 50, and 70 pm.

Micro-mixer designs

The schematics of the setup and dimensions of tkersnare shown ifrigs. 1 and2
andTable 1. The two reactants, A and B, are delivered fromda bottles by two
HPLC pumps (Schimadzu LC-20AT and Waters 515) th® mixer body as in the
MHQ (microsecond freeze-hyperquenching) sétuReactant channels are 300 pm in
diameter for the four-jet tangential ABAB stainledsel mixer and all of the
plexiglass mixers or 500 um in diameter for therf@a tangential ABAB glass-
silicon micro-mixer chipsKig. 2). These wide channels narrow to micro-channels
within the mixer body and meet at a cross sectiba, ‘premixing chamber’. The
micro-channels (50, 60, or 70um wide and deepTstée 1) are offset with respect
to each other by a full-width of the channel in thar-jet tangential ABAB stainless-
steel mixer, by two-thirds of the channel widthaihof the plexiglass mixers, or by a
half-width of the channel in the four-jet tangeh#BAB glass-silicon micro-mixer
chips. For example, the dimensions of the premixdhgmber (in width x width x
depth) are 100 x 100 x 50 um (0.50 nL volume) Far tour-jet tangential ABAB
stainless-steel mixei @ble 1). The offset of the channels induces a vortex lvictv
the four (or two in the case of the two-jet tang®ninixer) liquid streams rotate
around one another.
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Table 1. Dimensions of the micro-mixers

Type of mixer

Stainless-steel® | Plexiglass Glasssilicon
Sc_)lvent inlet channel 300 500 500
(diameter, um)
Premixing chamber inlet channe]|
(depth, width, pm) 50, 50 60, 60 70, 70
Premixing chamber
(length, width, depth, um) 100, 100, 50 100, 100, 60| 105, 105, 70
(volume, nL) V =0.50 V =0.60 V=0.77
Vortex chamber Conical Conical Cylindrical
(diameters @@,, length, pm) 60-20 x 67 60-20 x 67 100 x 257
(volume, nL) V =0.09 V =0.09 V=2
Mixing chamber Cylindrical Cylindrical Cylindrical
(diameter, length, pm) 20 x 33 20 x 33 25/30/50/70 x 33
(volume, pL) V=10 V=10 V =16, 23, 65, 127

*The vortex chambers and mixing chambers of thelsts-steel and plexiglass mixers are located in
the Pt seal Figs. 1 and2)

After the premixing chamber, the reactants enter ‘ttortex chamber’, which is
oriented perpendicularly to the plane of the chérie the four-jet tangential ABAB
stainless-steel mixer and all of the plexiglassarsxthe vortex chamber and mixing
chamber are located in tR inlay (Fig. 1 andTable 1). ThePtinlay (20 um orifice,

3 mm in outer diameter, and 100 pum thick; obtaimech Baltic Preparation) also acts
as a seal and is mounted on top of the channelghengremixing chamber and is
fixed with a fine threaded screw cap (not showrFig. 1, but see in Ref) to the
mixer body. The shape of thd vortex chamber is conical, whereas the shapeeof th
mixing chamber is cylindricalRig. 1 and Table 1). The volume of the mixing
chamber is only 10 pLT@ble 1). In the glass-silicon mixer, the vortex chambser i
cylindrical and very long (257 pum) owing to thecttmess of the siliconT@ble 1 and
Fig. 2). The vortex chamber of the glass-silicon mixedsem a cylindrical mixing
chamber (silicon orifice) with diameters betweena?sl 70 um (seBupplementary
Fig. 1). In all mixers, the mixed fluids leave the oréfias a free jet. More details are
provided in theSupplementary material.

Results and discussion

To determine the mixing efficiency of the turbulenicro-mixers, the appearance or
guenching of fluorescence of 8-hydroxypyrene-1i8d&#fonic acid (HPTS) in acid-
base reactions was determined in a freeRag. 3 andSupplementary Section 5A).

In these experiments, a low (1.5-fold) excess afl aver base (or vice versa) was
used to ensure that fluorescence quenching (orppksaance) is due to near
stoichiometric encounter of4@" and OH, a prerequisite to assess mixing efficiency.
As a result of this experimental condition, flua®sce quenching (or disappearance)
or mixing efficiency can be calculated only whea tkaction has progressed for more
than two-thirds Fig. 3 and Supplementary Section 5A). The four-jet tangential
ABAB stainless-steel mixer mixes the reactantsnimre than 90% aRe ~500, and
full mixing is obtained aRe > 1000 to 1500. The plexiglass analogue of thisemi
and the two-jet tangential plexiglass mixer behaweilarly, given the experimental
error (Fig. 3), although full mixing by the latter mixers mightquire somewhat
higher Re ~ 2000 to 2500. The four-jet AABB plexiglass mixer less efficient,
showing a maximal amount of mixing obtainedR&t> 3000. Therefore, we conclude
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that the two-jet and four-jet ABAB tangential miemtixers with alternating reactant
channels have similar mixing qualifications andttiihe AABB configuration
performs less efficiently, presumably due to a $nalontact area between the fluid
flows. The AABB mixer configuration is often used irapid freeze-quench
instrument$®*® and, thus, can easily be improved. Unfortunatétg experiment
shown inFig. 3 could not be successfully performed with the fmirtangential
ABAB glass-silicon mixers due to difficulties ofrfaing a stable free jet, preventing
direct quantitative assessment of the mixing efiicy. However, we could confirm
by eye that the jet emanating from the glass-silicoxers is fluorescent and, hence,
that the fluids are mixed for more than 66.7% ffoé ordinate irFig. 3).
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Figure 3. Percentage of mixing by tangential micro-mixerseafed in a free flowing jet (20 um
diameter). Shown are the four-jet tangential ABARirdess-steel mixere(and A ) with fluorescence
standard error values of + 4.9% and 1.8%, respagtithe four-jet tangential ABAB plexiglass mixer
(o [+8.0%] and A [+6.1%]), the four-jet AABB plexiglass mixem®([+6.2%] and A [+6.6%]), and the
two-jet AB plexiglass mixer « [+4.8%], A [16.6%]). Fluorescence appearance/quenching was
monitored using HPTS in deprotonatios)/protonation &) reactions, respectively. NaOH/HCI ratio
was 15 mM/10 mM = 1.5 for deprotonation and theersg for protonation. HPTS] = 1.5 mM. The
dotted line (from zero to 66.7% fluorescence) iaths the threshold below which the percentage
mixing cannot be calculated (sBepplementary Section 5A).
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To determine the actual mixing time of the micro«ers, one should determine
whether the mixing occurs exclusively in the relaly small mixing compartment or
already to some extent earlier in the larger vodexmber and/or premixing chamber.
Mixing, or rather premixing, in the vortex or preamg chamber would constitute a
dead volume that would add to the total dead-tiimeexample, in a setup where the
micro-mixers are integrated with an optical cell monitor the kinetics of
(bio)chemical reactions. To determine where anavibat extent premixing occurs,
fluorescence measurements were performed in theatipt transparent vortex
chamber of the four-jet tangential ABAB glass-gilicmixers Figs. 4 and5). In these
experiments, a high (30-fold) excess of base ocet was used to determine the
maximal rate of diffusion of OHacross the fluid boundaries and, thus, the maximal
extent of premixing in the vortex chamber. The iemgf the vortex chamber
(diameter of 100 um and 257 um in length; $able 1 andFig. 2) were recorded
with the inverted microscope focused approximakelljway into the vortex chamber
(seeSupplementary Fig. 3).

25 pm orifice chip

Acid Control Acid to Base Count Base Control
HPTS (ac) vs HCI HPTS(ac) vs 30 NaOH  HPTS(alk) vs NaOH

0.6 mL min-

0% fluorescence 6.7 % premixing 100% fluorescence

2.4 mL min-!

0% fluorescence 8.4% premixing 100% fluorescence

Figure 4. Determination of the amount of premixing in thetea chamber. Fluorescence appearance
due to deprotonation of HPTS was measured in thiexahamber of the glass-silicon chip (25 um
orifice diameter) at flow rates of 0.6 mL ifA-C) and 2.4 mL miit (D-F). (A, D) HPTS in HCI
versus HCI (zero fluorescence controB, E) HPTS in HCI versus 30-fold excess NaO#, F) HPTS

in NaOH versus NaOH (100% fluorescence controle Sépplementary Section 5 for initial and
final [HCI], [NaOH] and [HPTS]. Images are 125 uni25 um, the diameter of the vortex chamber is
100 pm and the microscope focus is halfway intostiieex chamber (se8upplementary Fig. 3).
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In the very centerHig. 4) or slightly off-center Fig. 5), the intense fluorescence is
due mainly to the mixing in the mixing chamber wéhéne jet leaves the mixer. To
determine the degree of premixing, this centrabridscence was subtracted from the
total fluorescence (seésupplementary Section 5). The fluid flow profiles recorded
for the controlsKig. 4C andF) at low and high fluid flow rates show near irtataal
and rotational flow patterns, respectively, in goagteement with calculations in
Ref?’. There is very little cross-boundary diffusion tbe fluorescent dye. This is
further confirmed in the other images Big. 4, which indicate only 6.7 to 8.4%
premixing due to diffusion across the boundaryhdiigh the mixer with a 70-um
orifice (Fig. 5) would require higher flow rates to produce fulixmg in the mixing
chamber (Re > 2000), the observed amount of prexixémains quite low (11.5-
16.9%).

70 pm orifice chip

Acid Control Acid to Base Count Base Control
HPTS (ac) vs HCI HPTS(ac) vs 30 NaOH HPTS(alk) vs NaOH
C
2 mL min.1 - .
0% fluorescence 11.5% premixing 100% fluorescence
3 7 F
10 mL min-!

0% fluorescence 16.9 % premixing 100% fluorescence

Figure 5. Determination of the amount of premixing in thetea chamber. Fluorescence appearance
due to deprotonation of HPTS was measured in thieexa@hamber of the glass-silicon chip (70 pm
orifice diameter) at flow rates of 2.0 mL riifA-C) and 10.0 mL mifl (D-F). (A, C) HPTS in HCI
versus HCI (zero fluorescence controB, E) HPTS in HCI versus 30-fold excess NaO#, F) HPTS

in NaOH versus NaOH (100% fluorescence controle Sepplementary Section 5 for initial and
final [HCI], [NaOH] and [HPTS]. Images are 125 pni®5 um, the diameter of the vortex chamber is
100 um and the microscope focus is halfway intovthitex chamber (segupplementary Fig. 3).

Fig. 6 and Supplementary Table 1 summarize the premixing behavior of the four

glass-silicon mixers with different dimensions bétmixing chamber (orifices of 25,
30, 50, and 70 um); however, note that all mixergehthe same dimensions of the

64



Design of turbulent tangential micro-mixersthat mix liquids on the nanosecond time scale

vortex chamberFig. 6 shows that at a given flow rate, the amount ofrixeng is
fairly independent of the orifice diameter. TheccddtedRe values increase in the
premixing chamber from 13 to 265, and in the vortbamber from 27 to 531, with
increasing flow rates from 0.5 to 10 ml nfinThe increasedRe in premixing and
vortex chambers could explain why the amount ofmpxeng increases with fluid flow
rate (but apparently not for the mixer with a 50-jonifice for reasons currently
unknown; sed-ig. 6) even though the flow is predominantly laminar.eTlaminar
flow regime is suggested by the approximately Iimegation between fluid flow rate
(and thuské in the vortex chamber and the percentage premiig. 6).
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Figure 6. Percentage of premixing in the vortex chambeihefgdlass-silicon micro-mixers chips with
orifice diameters of: 25 pum (e); 30 pm (=); 50 um (V) and 70um (A). Experimental data of the
fluorescence appearance during deprotonation of$H&€ shown as averaged values of three (two for
70 um) independent measurements as a functiontbf fiow rate and Reynolds number in the mixing
chamber at the orific&Re,x. Full mixing in the orifice is aRe 1000 to 1500. The dotted straight line is
a linear fit to all data points with a slope of 037 (% premixingRe. Individual slopes are 0.0215 (25
pm), 0.029 (30 pm), -0.006 (50 um) and 0.0096 (7). Btandard deviation for triplicates (duplicates)
equals +0.04 times the measured values.

65



Chapter 3

Because the geometries of the glass-silicon mixer the stainless-steel mixer are
very similar, they are expected to produce veryilammixing and premixing profiles.
Thus, the onset of mixing in the glass-silicon méxeccurs at similaRe values
(~500-1000; se€ig. 3) and appears completeRé~ 1500 to 2000Fig. 6 indicates
that at these latteRe values needed for complete mixing, the premixingoamh
varies from approximately 9% (for a 25-pm orifite)15% (for a 70-um orifice). The
low amount of premixing is a key requirement to immilze mixing dead-times.

Although the amount of premixing could not be dilecletermined in the stainless-
steel mixer (20-um orifice), it is possibly everwkr than the approximately 9%
observed for the glass-silicon mixer with the 25-mming chamber (orifice) because
the length of the vortex chamber is shorter (67265. um; se&ig. 1). This implies a
shorter time for diffusion of reagents across taegential fluid boundaries and,
hence, a lower degree of premixing. For the stagbdeel mixer, the shortest
calculated residence time of the liquids in thet@oichamber\{ = 90 pL,Re~ 417) is
1.4 us at the maximal flow rate of 4 ml mjrunder these same flow conditions, there
is 9% or less premixing in the glass-silicon mixerg. 6), which we assume to be
true for the stainless-steel mixer in view of tha&imilar geometries. At the flow rate
of 4 ml min', the reactants are completely mix&ilg( 3), whereas the residence time
in the mixing chamber of the stainless-steel m{xex 10 pL,Re~ 4246) is only 160
ns. This also means that complete mixing is aclkievghin 160 ns. Even at flow
rates of 2 ml mitf (Re~ 2100, where the fluids are completely mixed; Bieg 3), a
maximal mixing time of just approximately 310 nscalculated with the advantage
that the ambient pressure is greatly reduced @iditb ~ 10 MPa). Because the great
majority of the glass-silicon micro-mixers wereldéaat pressures of 10 MPa, they
can indeed be employed for large-scale productfaranosecond mixers. We further
point out that the extent of premixing determinexehusing a pH-sensitive dye is
considered an upper limit given that™ Hand OH diffusion constants are
approximately 10 times and 5 times larger, respelsti than those of other small
ions. In conclusion, the turbulent micro-mixersampletely mix liquids within 160
ns with little premixing.

Pressure buildup is a necessary consequence diighelinear fluid velocities in
turbulent (micro-) mixers. The high flow rates apdessures reported here are
provided by HPLC pumps that operate up to 40 MPe great majority of proteins
are stable at these pressiifesn our freeze-quench experiments using the same
HPLC setup and stainless-steel mixer described, veeehave never encountered
denaturation problems and the rate constants detedmat 20 to 40 MPa by
ug843444849 e similar to those determined by others workiag ambient
pressures’®!2 In general, oligomeric proteins start to dissteiat pressures of 100
to 200 MPa, and monomeric proteins denature atoxppately four times higher
pressure¥. In view of the quadratic relation between pressand fluid flow rateEq.

2), the micro-mixers described here could be useghptoximately 2-fold higher flow
rates before protein denaturation sets in, potlghtdacreasing the mixing time to less
than 100 ns.

By measuring both the premixing characteristics reaixing performance, we reason
that one of the key design aspects for a micro-ntixa&t mixes liquids in nanoseconds
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is the ABAB configuration of the four-jet tangentraixer in which the channels are
offset by one-half to one channel diameter. Thisetfcreates a vortex of four fluids
that rotate around one another, which leads taceedse in the diffusion distances and
improves the mixing performance. As a result, (neamplete mixing occurs &e~
1000 to 1500Kig. 3), which is well below the value of 2040 = 10 ftvetonset of
sustained turbulent flow in a piffe Although a two-jet tangential mixer might be as
efficient as a four-jet tangential mixefig. 3), the extension to 8 or 16 tangential
fluid channels leads to more or even complete priemiin the vortex chamb&t
This behavior is certainly suitable for lab-on-apchpplications where a 1-ms time
resolution is adequate, but not for the designnsfruments with (sub)microsecond
time resolution. For such devices, premixing shdaégrevented as much as possible.
To minimize the amount of premixing, the height l@ngth) of the vortex chamber
should be as small as possible to reduce the m@tetime for diffusion across the
fluid boundaries. On the other hand, the diameteh® vortex chamber should be as
large as possible with respect to the diameterhef mixing chamber. This will
maximize the ratio of th&evalues in the mixing chamber and vortex chambel; an
thus, minimize premixing resulting from turbuleratethe fluid boundaries. The ratio
of the diameters of the mixing chamber and vortexneber in the designs used here,
three for the stainless-steel and plexiglass migadsfour for the glass-silicon mixer,
yield less than 9% premixing in the vortex chamieder conditions that complete
mixing occurred in the mixing chamber in nanosesonikhe future challenge is to
integrate an optical cell with the micro-mixer thatould allow spectroscopic
observations in nanoseconds, thereby enabling st@idige very onset of chemical
reactions in general and of enzyme catalysis itiquéar.
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S| 1: Images of the chips

Supplementary Figure 1. Photographic image#\( B), schematic drawingd) and Scanning Electron
Microscope (SEMP-F)) images of the four-jet tangential ABAB glassesih micro-mixer chip. &)
The four inlet holes and the central outlet holesiiicon. B) Bottom view ofA, covered by a glass
slide, showing four inlet holes and four inlet chals forming the premixing chamber, the latter
schematically depicted i6. (D) SEM image oB. (E) the orifice (25um diameter) that serves as the
fluid outlet channel.K) The central cross section. The four ABAB inleaohels (7Qum wide, 70um
deep) meet at the premixing chamber. The fluide #fabsequently down the vortex chamber (V, 100
um diameter).

Sl 2: Design of the high-pressure glass-silicon chip holder

Supplementary Fig. 2 shows a series of images as to how the glassssiktip is
mounted into the high-pressure chip holder that lmampositioned under an inverted
fluorescence microscope. The stainless-steel bddiieoholder has four fluid inlet
delivery channels at the four corners of the squhie compartmentSupplementary
Figs. 2A-C). The central hole serves as the fluid or mixetlebuSupplementary
Figs. 2A, B andE). The round aluminium plate has four small regtdar recessions
to hold the tubing and further a central milled @amment to clamp the body of the
holder. Both the body of the chip holder and thendb plate are fitted together, and
secured on the plate of the inverted microscope, foyr screw clamps
(Supplementary Figs. 2D andE). To prevent solvent leak, reduce stress on tiy ch
and prevent breaking of the chip(s) due to the higbssure in the setup, five
supporting O-rings are use®upplementary Fig. 2B). The viewing hole in the
middle of the aluminium plate enables fluorescemeasurements of the premixing
and the vortex chambeBypplementary Fig. 2D). To this end the high-pressure
holder is positioned under an inverted fluorescemaeroscope (Nikon Eclipse type
TE 300), equipped with an objective (CFI Plan FJutdix magnification, N.A.=0.60,
ELWD 2.7-3.7 mm), in such a way that the fluoreseeaf the HPTS dye is observed
in the vortex chamber covered by the 1 mm glaske Bupplementary Fig. 1A).
Fluorescence was monitored using the GFP-B filegr(excitation band pass filter
460-500 nm, dichromatic mirror 505 nm and emisdmamnrier filter 510-560 nm).
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Images Bupplementary Figs. 3, 4 and5) were recorded with a CCD Hamamatsu
Orca C4742-95-12NRB black and white camera, 102024 pixels, in 4 x 4 binning
mode, equipped with a Nikon TV lens (0.6x magniiima).

Supplementary Figure 2. Steps in mounting the glass-silicon chip onto thyh{pressure chip holder
positioned under the inverted fluorescence micrpsc@-C) Stainless-steel body of the chip holder
equipped with A) PEEK tubing and tubing connector8) (silicon O-rings and() the glass-silicon
micro-mixer chip. D) Round aluminium plate with cut outs for the chipd tubing connectorskE)
The glass-silicon chip [close up] mounted onto high-pressure chip holder with four screw clamps
and positioned under the inverted fluorescenceaampe.

S| 3: Recording fluid flow

Images of the premixing chamber and the vortex tieman be recorded separately
with the inverted microscope focused on the premgxchamber Supplementary
Fig. 3A) or focused approximately halfway along the vertehamber’'s length
(Supplementary Fig. 3B). The fluorescence in the latter ima&egplementary Fig.
3B) is, however, that from the vortex chamber alotg total length due to
contributions from out-of-focus fluorescence lighturthermore, would there be any
premixing in the premixing chamber, this would shagwas a light intensity above the
background in the dark areas Snpplementary Fig. 3B. Therefore, with the focus
halfway into the vortex chambeFi@s. 4 and5), reliable values for total premixing
(premixing in the premixing chamber, in generalywvemall, plus premixing in the
vortex chamber) could be calculated.
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>
100 um 100 um
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Supplementary Figure 3. Inverted Microscope images of the four-jet tangdmiBAB glass-silicon
micro-mixer chip (25um outlet hole). A) The four inlet channels forming the premixing eteer
(recorded with an objective of 10x magnificationjttwfocus on the premixing chambeB)(The
vortex chamber (recorded with an objective of 40xgmification) with the focus halfway into the
vortex chamber. The middle figure is a schemataniing (not to scale) showing the two focal points
to produce 3A and 3B. Channels A contained nonrfiscent alkaline buffer, Channels B, the same
buffer plus the fluorescent HPTS.

Sl 4: Relation between pressure and flow rate in the tangential stainless-steel and
glass-silicon micro-mixers

Supplementaryig. 4 shows that with increasing flow rates the presgsutbe micro-
mixers increases. The pressure incredsg (s parabolically related to the volumetric
flow rate {) according tdSupplementary Eq. 1:

A[]=ax*v+ b *v? (Supplementary Eq. 1)

In Supplementary Eq. 1, the linear term contains the wall friction coeiinta, and
the quadratic term describes the flow through gficer(seeEq. 2). The experimental
values for coefficienta andb determined by fitting the experimental pressurea to
parabola $upplementary Fig. 4) are 3.5 and 0.2, respectively, for the glasseili
mixer with 70um orifice diameter. For smaller orifice diametez5,um and 20um,
coefficientsa (18.57 and 4.61) and (54.08 and 23.83) both increase indicating a
larger relative contribution by the orifice. At theaximal flow rate of 4 mL mihin

the stainless-steel mixer (2Am orifice diameter) the pressure builds up to
approximately 40 MPa, while for example at the maxi flow rate of 2.2 mL min

in the glass-silicon mixer with 2bm orifice diameter, the pressure builds up to 30
MPa.
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Supplementary Figure 4. Measured (symbols) and calculated (lines) depersdbetween pressure
and flow rate of the four-jet tangential micro-migeStainless-steel mixer with 2(n orifice diameter

(—). Glass-silicon micro-mixer chip with an orificeagieter of 25um (), 30um (-), 50 um (-), and
70 um (). Lines through the data points are fitted v@tipplementary Eq. 1.

S| 5: Data recording and data analyses
5A: Fluorescence detection in a free jet and calculation of mixing performance

Fluorescence in a free jet fluorescence was detexttan angle of 90° using a CCD
camera (Andor Newton DU-940N-BU, 512 x 2048 pixafid3.5 x 13.5um) covered
with a long-pass 510 nm filter (ZVL0510, Optoprimor@oration, Germany).
Excitation was by light of 474 nm from a Xenon &mp (75 Watts, Uschio) fitted to
a scanning monochromator (Optical Building Blocksribration) that had passed an
excitation GFP-B band pass filter (460-500 nm). Bldiromatic light was collimated
by a bi-convex lens (150 mm focal length, 50 mmmdter,) and then focused on the
jet by a plano-convex lens (CSX025 UV Fused Sikecacision uncoated Cylindrical
Lenses, Newport, 19 mm x 50.8 mm x 25.4 mm, widtlength x focal length).
Fluorescence light at 90° was collected by a seqwado-convex lens (25.4 mm X
25.4 mm x 100 mm, width x length x focal length)fiant of the CCD camera. The
jet was imaged between 1-27.6 mm from the orifieeery light count was recorded
under identical experimental conditions, at an expe time of 0.5 sec during which
15 images were accumulated and averaged. Imagesasquired in digital form and
displayed in the Andor Solis imaging program (Andi@wton CCD).

To determine the mixing efficiencies, a fast chexhreaction must be selected that is
completed within the mixing dead-time of the set Tpe mixing performance of the
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mixers was assessed by mixing solutions of NaOH Bl using the highly
fluorescent HPTS (8-hydroxypyrene-1, 3, 6-trisuifoacid, also known as pyranine,
Invitrogen, Molecular Probes) as indicator for tipéd change. The Ka is
approximately 7.3 in aqueous buffers and the paiion and deprotonation rate
constants 1.8 & M* s and 1-2 16 M* s’ (time constant of 50-100 ps),
respectively?. At the mM concentrations of HCI used first orgeotonation rates are
between ~0.25-5.5 ™ s? (time constant of ~0.18-4 ns). The control oerefce
images were acquired by mixing the dye in alkalméfer with alkaline buffer
presenting Base Control (100% fluorescenggy)) and similarly for the Acid Control
(0% fluorescencelin)). To determine the percentage of mixinghifs) images of
deprotonation and protonation of HPT&y,{ were acquired in two types of
experiments: Acid to Base and Base to Acid. ForAbie to Base mixing experiment,
acidic buffer (20 mM HCI + 3 mM HPTS + 30 mM NaQ®@ps mixed with alkaline
buffer (30 mM NaOH + 50 mM NaCl) giving base/acatios of 1.5. Similarly, for
the Base to Acid mixing experiment, alkaline buff2Z0 mM NaOH + 3 mM HPTS +
30 mM NacCl) was mixed with acidic buffer (30 mM H&I30 mM NaCl) giving
acid/base ratios of 1.5.

Since fluorescence in the jet is seen only in tleed Ao Base experiment when the
[OH] > [H+] (and the reverse for the Base to Acid expent), mixing must be
completed by at least 66.7% at the acid/base @ti@.5 used here. Conversely,
absence of fluorescence in the jet only indicatesng of the reactants is <66.7%.
For the remaining 33.3% mixing, the fluorescencen dze approximated as
proportional to the fraction of the maximal fluoceace Supplementary Eq. 2)
since the concentration of the fluorescent dye HEI'81M) is much lower than the
concentration of acid + base (50 mM). The percentaigmixing ¢mixes) Was then
calculated using the following correlation:

Nomixos = 66.7 + mix"Imin . 33 3 (Supplementary Eq. 2)

Imax—Imin

5B: Determination of the percentage of premixing in the four-jet tangential glass-
silicon micro-mixer chip

Images of the vortex chamber of the glass-silicip evere acquired in digital form
and simultaneously displayed in the High Performeanicnage 32 software
(Hamamatsu Orca CCD). A single series of experimevds performed at a fixed
exposure time for which the light intensity was maal for HPTS in alkaline buffer,
or the reverse, minimal intensity for the dye indac buffer. Light counts for
reference and premixing images were recorded uitigrtical conditions at each
separate flow rate, in a sequence of 20 images Ingiacond intervals. The total light
intensity of each recorded image was calculatedntggration of the values of the
pixel intensities from a corresponding .tiff imagehe values of a series of 20
sequences were averaged. Controls (100% and 0%ed$lcence images) were
acquired as described in the experimental secAMialine buffer contained NaOH
(10 mM), acidic buffer HCI (10 mM), and further 3 HPTS and 50 mM NacCl. In
experiments to determine the percentage prembkings.(4 and5) acidic buffer (20
mM HCI + 30uM HPTS + 50 mM NacCl) was mixed with alkaline buff&0 mM
NaOH + 50 mM NacCl) yielding a base/acid ratio of 30e total fluorescence of the
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vortex chamber contains contributions from the mis®lutions that form highly
fluorescent water drops at the exit of the chipneatthan a jet). To correct for this
contribution, a circle at the origin of the vortelxamber with a diameter of 25 of the
100 pixels or ~6% of the ared&ifs. 4 and5), was subtracted from the fluorescence
count. The correction (subtraction) amounted t& 26, 13.6%, 10.0% and 8.3 % of
the total fluorescence for mixers with orifices2¥, 30, 50 and 7Qm, respectively.
Since fluorescence in the premixing chamber is ad@iected when [OH> [H+]
fluorescence is detected from a mixing level of %3Jor the base/acid ratio of 30,
ignoring the low concentration of HPTS (3M) relative to the acid + base
concentrations (620 mMypupplementary Eq. 3 was used to calculate the percentage
of premixing inFigs. 4 and>5.

Nomixos = 3.3 + mx—Imin . 96 7 $upplementary Eq. 3)

max~imin

77



Chapter 3

Supplementary Table 1. Pressure dependence on the flow rate for the giissh mixers with orifice
diameters of 25, 30, 50 and 7fn and for the stainless-steel mixer (2®). For the glass-silicon
micro-mixers the amount of premixing is indicatédg( 6). The calculated Reynolds numbers for the
premixing, the vortex and the mixing chambers averg(based on the dimensionsTiable 1) as well

as the fluid retention timesy,mixs torex tmix» respectively). The premixing percentage could et
experimentally determined for the stainless-stagem(20um) because it is not transparent (N.A.)

orifice Vot toremix | tvortex | tmix | Premixing|Pressure

(um) (mL min—l) Repremix Reortex| Rémix Us (lJ.S) (lJ.S) % MPa
70 2.0 53 106| 607 232 605 3|8 119 0.7
3.0 79 159| 910 154 403 25 12.3 15

4.0 106 212| 121B311.6| 30.3| 1.9 12.7 2.2
5.0 132 265| 151793 | 24.2| 15 12.6 2.7
6.0 175 | 350| 200 7.0 | 183| 1.1 13.5 3.3
7.0 185 | 372| 21286.6 | 17.3| 1.1 13.9 3.9
8.0 212 | 425| 242658 | 151| 1.0 14.2 4.6
9.0 238 | 478| 273Dp5.1 | 13.4| 0.9 14.4 5.4

10.0 265 531| 303346 | 12.1| 0.8 16.9 6.1
| 50 2.0 53 106| 849 23p 60p 1.p4 11.2 0.8
3.0 79 159 | 127415.4| 40.3| 1.30 12.0 15

4.0 106 212| 169911.6| 30.3| 1.0 12.7 2.6
5.0 132 265| 212393 | 24.2| 0.8 11.2 4.1
6.0 159 | 318| 254 7.7 | 20.2| 0.7 10.5 6.0

7.0 185 | 372| 297p 6.6 | 17.3| 0.6 10.6 8.7
| 30 0.5 13 27| 354 926 242/12.8 7.2 0.3
1.0 26 53 | 708 46.3 121,014 7.3 1.0
15 40 80 | 106230.9| 80.7| 0.9 8.1 2.2
2.0 53 106 | 141523.2| 60.5| 0.7 9.2 3.5
2.5 66 133| 176918.5| 48.4| 0.6 10.1 5.8
3.0 79 159 | 212815.4| 40.3| 0.5 11.0 8.9
3.5 93 186 | 247y713.2| 34.6| 04 12.3 12.4

4.0 106 | 212| 283111.6| 30.3| 0.4 12.7 | 16.6
4.5 119 | 239| 318510.3| 26.9| 0.3 13.7 | 214

| 25 0.6 16 32| 510 77.p 201}71.6 6.7 2.8
0.9 24 48 | 764 51.% 134511 7.0 5.8
1.2 32 64 | 101938.6| 100.9] 0.8 7.5 9.8
15 40 80 | 127430.9| 80.7| 0.7 8.1 14.8
1.8 48 96 | 152925.7| 67.2| 0.5 8.2 20.8

2.10 56 111| 178322.1| 57.6| 0.5 8.3 27
2.40 63 127| 203819.3| 50.4| 0.4 8.4 36

| 20 0.6 31 63| 636 550 10p 11 N.A. 1.1
0.9 47 94 | 955 355 6.4 0.71 NA. 2.3
1.2 63 126 | 127826.5| 4.8 | 0.53 N.A. 4.4
15 79 157 | 159221.5| 3.9 | 0.43 N.A. 6.0
1.8 94 189 | 191018.0| 3.3 | 0.3 N.A. 8.5
2.10 110 | 220| 222815.1| 2.7 | 0.3 N.A. 11.4
2.4 126 252 | 2546125| 25| 0.27 N.A. 14.9
2.75 144 | 288| 2918115 2.1 | 0.23 N.A. 19.3

3.0 157 315| 3183105 1.9 | 0.21 N.A. 22.8
3.25 170 341| 344810.0f 1.8 | 0.20 N.A. 26.6
3.5 183 367 | 371 9.0 16 | 0.1§ N.A. 30.8
3.75 197 393| 39788.5 15| 0.17 N.A. 35.3
4.0 210 420| 425D 8.0 1.4 | 0.1 N.A. 39.8

78



Design of turbulent tangential micro-mixers that mix liquids on the nanosecond time scale

References

1. Mojumdar SS, Mondal T, Das AK, Dey S, Bhattagigaa K (2010) Ultrafast and ultraslow
proton transfer of pyranine in an ionic liquid ndemulsion. J Chem Phys 132: 194505.

2. Spry DB, Goun A, Fayer MD (2007) DeprotonatiopgnBmics and Stokes Shift of Pyranine

(HPTS). J Phys Chem A 2007, 111: 230-237.

79






Chapter 4

Design and characterization of a continuous flow ultra-fast
mixing instrument for the study of transient (bio)chemical
reactions by optical spectroscopy

Sandra Mitt and Simon de Vriest

1. Summary

A continuous flow ultra-fast mixing device has betveloped with major advances
in time resolution (dead-time of 3.8 £ 0.3 us) amdbling the recording of UV-Vis
spectra between 300-700 nm. The instrument empofaur-jet tangential micro-
mixer that completely mixes two liquids within 3i&5. The mixed liquids enter a
high-pressure capillary flow-cell that is alignedtlwthe long axis of a fast CCD
2048x512 chip detector. This arrangement produces spectrum per pixel of the
CCD chip and allows the simultaneous recording 01990 UV-Vis spectra in a
single scan of the monochromator. In the kineticdenof the instrument, each UV-
Vis spectrum corresponds to a different reactionetithat is determined by the
distance between the mixer and a pixel of the CGIp and the fluid flow rate. The
reaction progress can be monitored in steps off3lfdr approximately 600 us at the
highest flow rate. The dead-time of 3.8 + 0.3 pshef mixing device was determined
from the reaction between ferrocytochromeand sodium ferrihexacyanide. This
newly designed ultra-fast mixing device has a 1dl@-shorter mixing/observation
time than the stopped-flow and is approximately fdl@- faster than current
continuous-flow instruments, which, however, recantical changes at a single
wavelength. This ultra-fast mixing device fills tlearrent gap in instrumentation to
study (bio)chemical reactions on the microsecontketiscale and enables detailed
kinetic analyses of the very onset of biocatalgsid protein folding.
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2. Introduction

To study catalytic mechanisms of enzymes and clanmgactions in detail, the
reaction should preferentially be initiated so dipthat the subsequent formation and
decay of all reaction intermediates can be moritofle® determine the kinetics of
processes that are not driven by light, rapid ngxif two or more reactants is the
most versatile and common method of initiating ti@mical reactions. To achieve
complete mixing the majority of rapid mixing dewcboth rely on optimization of
turbulent mixing. Turbulence is an efficient mecisamto disperse the solutions into
sufficiently small volume elements, so-called tuemi eddies. The small size of the
eddies enables fast diffusion of the reactants wegy short distances and constitutes
the final step in mixing. Mixers of various desigtigat enable efficient turbulent
mixing have been constructed over the years angerémom simple T- or Y- mixers
to more complex geometries, such as multiple-jegj¢atial mixers, the co-axial type
micro-mixers and the Berger ball mixét. The mixers might be integrated with an
observation cell as in stopped-flow (SF) and camirs-flow (CF) instruments,
allowing monitoring of the reaction by a great e#yi of spectroscopic methdds
While the SF instrument is relatively easy to comdt has a favourable sample
economy and wide dynamic time range, the instruatetgad-time of ~ 1ms is often
too long to accurately determine events duringvigry onset of biocatalytic reactions
or of protein folding and compares unfavourablyhwihat of CF instruments (~50
usy 2172325 The total dead-time of a mixing device in whidhéktic changes are
monitored by e.g. optical spectroscopy is deterthity the mixing time, the
residence time of the mixed reactants in the deduhwe, i.e. the volume between the
point of mixing and area of observation, and fipddly the time required to fill the
observation chamber. Both the mixing time and m®e time decrease with
increasing (linear) flow rates. In micro-mixers, iog to their smaller dimensions,
linear flow rates need to be higher than in theydarmixers in order to obtain
Reynolds numbers above ~ >2000 needed for turbudenhg and rapid completion
of mixing?®. So, a key feature to design instruments with tehodead-times is
miniaturization of both mixer and observation comipgnts as has been done in set
ups employing a capillary micro-mixét*>*’ Similarly, the microsecond freeze-
hyperquenching (MHQ) instrument has been designechich the use of a stainless-
steel micro-mixer enabling very high flow rates hed to an improvement of the
freeze-quenching dead-time from ~5 ms in ‘classigatrument$*?"23to ~75
ns243435 Miniaturization itself, the small observation cpantments and the high
pressures caused by the high fluid flow rates prtegesign challenges in the fields of
accurate micro-machining and instrumental sensjtiBelow we describe the design
and performance of a continuous flow ultra-fastinmgxdevice that is tightly fitted to
a small high-pressure capillary optical cuvettee Tistrument has a dead-time of 3.8
*+ 0.3 ps and produces good quality optical spesti@bling the study of very short-
lived enzyme intermediates.

3. Results
3.1 Overview of the setup

The continuous-flow ultra-fast mixing setupig. 1) is a home built ultra-fast mixing
device that uses the same type of stainless-steebimixer and reactant delivery
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system (HPLC pumps) as the microsecond freeze-fypaching (MHQ) set dp
The observation chamber is a long cylindrical ctevetapillary flow-cell - integrated
in the cuvette holder. Both micro-mixer and cuvéitéder are fitted together viaRd

or Cu seal that is precisely positioned at their integféo prevent solvent leaks and
joint together by four long screws to withstandgstees up to ~400 bar. The micro-
mixer and cuvette holder are mounted on two indéeetly adjustable three-axes
manipulators enabling their alignment in the liglath between the monochromator
and the CCD camera. The CCD camera, the manips)atioe lens and the mixer-
cuvette unit are all housed in a lightproof black b

[THPLCT 1

e
HPLCH |

| _degasser )

Computer

Micro-mixer

/4
/

¥
Capillary flow-cell .
Cuvette holder Planoconvex Lens Biconvex Lens Monochromator Xe arc lamp

Figure 1. Schematic drawing of the continuous-flow ultratfasixing device integrated with the
components of the UV-Vis spectrometer. Monochromégjht is produced by a horizontally placed
Xenon arc lamp, fitted to a scanning monochromdtiht that is collimated by a bi-convex lens is
next focused by a plano-convex lens on a slit ghatvn) mounted on the plexiglass cuvette holddr tha
contains a cylindrical capillary flow-cell that acts the cuvette. Detection is by a CCD camera
positioned directly behind the cuvette holder. TBED camera and the scanning motor of the
monochromator are synchronized by the computerctets are delivered via the injection ports of
two HPLC pump to the stainless-steel micro-mixexd &inally to the fused-silica flow-cell. The two
three-axes manipulators to outline the various ammepts, lens holders and the lightproof black box
are omitted from the figure. The various componanésnot drawn to scale.

3.2 Optical components

From the optical point of view, the setupFig. 1 is a scanning UV-Vis spectrometer,
but instead of a rectangular cuvette it employ$ an8n long cylindrical fused silica
cuvette (100 um path length) in which mixed reatstamove away from the mixer at
high linear flow rates. A fast CCD detector raththan a photomultiplier or
photodiode is used to record spectfeg( 2). In a single run of the monochromator
(e.g. 300-700 nm) approximately 2000 spectra arerded by the CCD chip, one in
each vertically binned pixel (z-axiBjg. 2) thus corresponding to one spectrum per
pixel on the y-axis. In the kinetic mode of theugethe different pixels along the y-
axis of the CCD camera correspond to differenttreacimes Fig. 2). The (reaction)
time is determined by the distance between the meixié — recorded as ‘the'pixel’
—and a patrticular pixel, as well as by the (lindlaw rate of the liquid. At the highest
flow rate of 20 mL mift the time resolution equals 318 ns per pixel resyin a total
time span of approximately 600 ps. Calculationheftbtal reaction time further needs
determination of the dead volume, which is caladabelow from the reaction
between ferrocytochromeand ferrinexacyanide (see also belssgtion 8).
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The only optical components of the setup consist bi-convex collimating lens that
collimates the divergent monochromatic light bedong the whole length of the
cylindrical cuvette and a plano-convex lens thatuges light on the capillary flow-
cell. To minimize scattering effects, two slits ar@unted parallel to the optical
cuvette, at opposite sides of the plexiglass hadeher aligned with the 100 um inner
diameter of the fused-silica cylindrical cuvetteotB slits are fixed on the cuvette
holder and mounted using a microscope equipped aviing working distance lens.
The entrance slit has a 70 um or 100 um apertigresimilar to the diameter of the
cylindrical cuvette. The exit slit has a 0.25-0r2f aperture and faces the rectangular
CCD chip of the CCD camera. In some arrangemenglditional slit (0.25-0.29 mm
aperture) is mounted on the plexiglass holder betmmano-convex lens and the 70
pm or 100 um aperture slit.

CCD chip

|

18.5 mm N

Cuvette holder
) ] Planoconvex Lens Biconvex Lens
with capillary flow-cell

Figure 2. Schematic drawing of the lenses, the cylindricalette holder and the CCD chip.
Monochromatic light is collimated by a bi-convexllzoating lens (150 mm focal length, 50 mm
diameter) and focused on the capillary flow-cellebplano-convex lens (100 mm focal length, 25x50
mm). The plexiglass cuvette holder is equipped wittylindrical fused-silica cuvette (0.1 mm in inne
diameter, 0.36 mm in outer diameter, 35 mm in Iepgand two slits: the entrance slit (0.07-0.1 mm
aperture) and the exit slit (0.25 mm aperture).adiditional slit (0.25 mm, not shown in the figure)
may be placed between the plano-convex lens andetitiance slit. The rectangular CCD chip
measures 512 pixels x 2048 pixels (height x lenggich pixel being 13.5 um x 13.5 um). The image of
the cylindrical cuvette recorded by the CCD caniertae ‘Image Mode’ is shown in the figure.

The optical parts of the setup such as the cyluadlicuvette, the cuvette holder and
slits are micro-machined with tolerances of +5 uim. the absence of such
imperfections, the CCD chip would detect only lighéssing through the inner
diameter of the cylindrical cuvette (‘sampled lightig. 3). In practice, however,

imperfect machining, slight misalignments of thep#@ or 100 pm entrance slit with
the 100 um cylindrical cuvette along the length tbé cuvette and imperfect
collimation may lead to uncontrollable light scattg effects Fig. 3). Hence, while

the optical arrangement enables light to be absomben passing through the
solution, part of the light might bypass the saatinon-absorbed light) and/or be
scattered by the round cuvette before reachingCtBP chip via the exit slit. These
scattering effects are particularly visible as @paent broadening of the capillary
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flow-cell from 100 pm to 400um - 650 um (30-50 ieat pixels) on the image of
CCD cameraKig. 2; NB: the vertical stripes on the CCD image are thugertical
streaking caused by the relatively long exposure tused for this image). Since the
cuvette and the CCD chip are approximately 22 martapnd the image of 0.1 mm
cuvette appears as 0.4 mm - 0.65 mm wide, theca¢rtivergence, due to light
scattering from the cuvette, is approximately 0.(28. 2).

In order to minimize vertical divergence and todd@ut stray light further, only the
bottom 30-50 pixels of the CCD camera (in the eclion, Fig. 2) are used and
accessible to light, while the rest of the CCD caams shielded by a black cover.
Data are then recorded in the so-called CROP 30C®OP 50) mode (and later
processed by taking the average of these 30-50spateeach position in the y-
direction), which not only speeds up the recordihdata, but also selects as much as
possible only the fraction of absorbed light. Intespf these measures, i.e. covering
the CCD camera and a total of three slits, appratety 30% of all light reaching the
CCD camera is due to stray light (s8ection 4.3). The use of different materials
(plexiglass, fused silica) might yet be anotherrseuof uncontrollable scattering
effects. Given the refractive indexes of the vasionedia light falling at angles >66°
on the cylindrical cuvette is externally reflectébigs. 3 and 4). The external
reflection caused by the cylindrical shape of theette and the fact that the cuvette is
round rather than flat results in a reduction @f é&xtinction coefficient (shorter mean
pathway for light to be absorbed compared to aargpilar shaped cuvette) to a
theoretical value of 51.4% determined by the reéfvadndices of the fused silica and
the plexiglass Kig. 4). In practice, reduction of the extinction coefiat was
determined to be between 50% - 60% of the valua f@ctangular cuvette.

#511 > Scattered light

> Externally reflected light
#400 ,

I
I
I
i
i
#300 !
Image of : .
sampled
#2004 scattered :>@
#100 light : v |
1 .
#0 I ke Entrance slit
Vertical pixel " 5 g -
numbers CCD chip Exit slit  Capillary flow-cell

Figure 3. Side view of the optical setup highlighting thespible light paths through the cylindrical
cuvette. Focused monochromatic light enters thmdsital cuvette through the entrance slit (0.07 mm
or 0.1 mm aperture has been used); at the cylialddavette, part of the light is absorbed by the
solution in the inner volume, another part may battered while light falling at angles >66° is
externally reflected. Transmitted and scatteredn{alosorbed) light passes the exit slit (0.25 mm
aperture), before falling on the CCD chip producimgimage as shown kig. 2.
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Nplexiglas= 149

Externally reflected light ngs= 1.46
Samlpled L [ \ \ —
i ns= 1.34
Ilglht k / ]/ —
Capillary flow-cell Entrance slit

Figure 4. Enlarged side view of the light paths through afi#ht medias of the cylindrical cuvette
holder. From right to left: Focused monochromaitih, entrance slit (0.07 or 0.1 mm apertures have
been used), capillary flow-cell (0.1 mm in inneamlieter, 0.36 mm in outer diameter), the rectangular
plexiglass holder (dotted), calculated pathwayexiérnally reflected light, sampled light,, ms and
Nolexiglassr'€ the approximate refractive indexes of the sanfpbed-silica and plexiglass, respectively.
Incident angles (from top to bottom are): 66° (teteternal reflection angle), 30°, 0°, 30° and 4tb¥
refraction angles are calculated using the refradgtidexes indicated.

An important issue related to the time resolut®haw well the y-axis (the time axis)
is projected on the CCD chip, as the cylindricavatte and CCD chip are 22 mm
apart. Collimation by a lens is never perfdag(5). With the monochromator exit slit
width of 0.1 mm (the usual setting), the light mdéy distribution spread
approximately 1 pixel in the y-axis direction 6etCCD chip. The peak spreading of
+1 pixel at 0.1 or 0.2 mm slit width of the monoaimator corresponds to a minimum
of + 0.3 ps in time at the highest possible floveraf 20 mL mif. The divergence in
the direction of the z-axis is irrelevant since ligat intensity data are recorded in the
so-called full vertical binning mode (FVB or CROPxde), and each column of the
CCD camera is represented by a single light intensilue.
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. #2047
Dark pixels "

e

Lens divergence

CCD chip #1024

Capillary flow-cell Biconvex lens

Figure 5. Top view of the light paths through the lens amel ¢ylindrical cuvette indicating the effect
of lens divergence on a collimated beam.

4. The optical performance of the UV-Vis spectrometer

4.1 Relation between absorbance and transmittance along the cylindrical flow-
cell

In order to record absorbance spectra with a sibgiam UV-Vis spectrometeFi(.
1) separate referenchef) and samplel{y) transmission spectra are recorded and the
absorbance spectrum is calculated as:

A= —logIISrLe’: (Eq. 1)

Fig. 6 shows the particular transmittance profiles oérefice and sample solutions in
each FVB column/pixel of the CCD camera — alongvihele length of the capillary
flow-cell — recorded at 416 nm, the maximum of 8weet band of ferrocytochronee
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Figure 6. Non-uniform distribution of light intensity (416m) along the length of the cylindrical
cuvette. Light intensity profiles of 20 mM phosphdiuffer at pH 7.0-€) and of 0.5 mM reduced

cytochromec (—) in the same bufferbj The blow-up of ) highlighting the position of the first pixel,

at number 1900 of the y-axis of the CCD camera.firbepixel is located at the interface of the roic
mixer and the flow-cell. Since the micro-mixer @natransparent, the light intensity drops off sharp
(by 50% in two pixels) towards the right, but nohwletely to zero. Pixels 1902/4-2047 are so-called
dark pixels, but they nevertheless reproduce sirsjeectra as those observed in pixels 1900 to zero,
albeit at a much higher noise due to the low ligtensity (see e.drig. 8). The increase in the noise at

pixel numbers greater than 1900 from +0.004 to ~ +0.01AA is indicated by ) at the bottom of
(b).

The light intensity along the flow-cell is seenviary approximately threefold at 416
nm and similarly at other wavelengths (not shovigoth the reference and the sample
display similar light intensity patterns, but theensity of the latter is lower due to
absorbance by ferrocytochronee Since the law of Lambert-Beer predicts that the
absorbance is independent of the light intensityt (be signal to noise ratio is not),
and because Absorbance is proportionalo®{lsanflie), Similar intensities in each
pixel for the absorbance spectra are expectgd. 7 shows that, contrast to
expectation, the absorbance intensity (A416 andlAB%e maxima of the Soret- and
a-band of ferrocytochrome, respectively) also varies along the flow-cellugb to a
smaller extent (~1.5 fold) than the light intensitshile the ratio A416/A551 is more
constant (variation is ~1.25 fold). The variation absorbance is ascribed to small
imperfections in the micro-machined 70 pum or 100 siit and to slight
misalignments of this slit with the capillary flogell along its length (35 mm).
Together this leads to differences in the propartd absorbed versus non-absorbed
light and hence to local (i.e. per pixel) differesan scatter (cfFigs. 3 and4). The
variation in absorbance appeared to be constara farticular alignment of the slits
in respect to the flow-cell and for the positiontioé flow-cell plus slits in respect to
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the light beam. Thus in practice the apparent wifiees in the absorbance can be
calibrated in a manner to (re)produce the samasitie(+1%) in each pixel, which is
sufficiently accurate to analyze kinetic data.

Ratio A416/A551 : ;

w i

m Ly
v 0'4_ 'I ( | A416 | -3
W ’JN i f'“l N i »,v " Al Ml 5
< memw*(«mww M1

Pixel number

Figure 7. Non-uniform distribution of the absorbance at 46 () and 551 nm-), and the ratio

between these absorbanceq glong the length of the cylindrical cuvette. Gttomec concentration
and recording is as iRig. 8. Note the increase in absorbance (A416 and A55dixal #1900.

The sharp interface between the transparent fldlvace the non-transparent micro-
mixer is geometrically well defined (see also bel8ection 6). This interface is
routinely positioned at pixel #1900 of the CCD caa@ig. 6b and Fig. 7). To the
right (pixel numbers >1900) the light intensity gdsooff sharply (50% in two pixels)
because here the micro-mixer covers the CCD carder& pixels’. However, the
light intensity does not drop to zero, and speateaproduced albeit at a much poorer
signal to noise ratidg. 8).
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Figure 8. Absorbance spectra of ferrocytochroméd.5 mM in 20 mM phosphate buffer pH 7.0) in
individual pixels, along the capillary flow-cellgi at 13.5 pm intervals - the size of a pixelhef CCD
camera. BSA (10 mg i) in 50 mM phosphate buffer pH 7.0 served as areafee solution. Spectra
were recorded at 50 nrit with monochromator entry and exit slits at 1.0 &r#2imm, respectively.

The light falling on the ‘dark pixels’ has thus ped the sample solution in the
capillary flow-cell, and could not be blocked by.eputting additional black shields
around the cuvette holder. We presume that thist lig reflected back and forth
between the window of the CCD chip and the flow-CEhe absorbance profiléig.

7, traces A416 and A551) shows a sharp increaseeketywixels 1904 and 190Big.

8). The increase in noise is clearly visible in thark pixels’ (>1900). For kinetic
measurements, it is important to know where préctbe flow-cell begins, since it is
the ‘time zero’ for observation; to this ‘time zétbe dead-time for mixing and filling
the mixing chamber must be added (Seetion 8) to obtain the total instrumental
dead-time. The data iRigs. 7 and 8 suggest that the spectra in pixels 1900-1902
represent the boundary between flow-cell and maxet hence correspond to the first
observable kinetic data points.

The (high frequency) noise in the spectra of alsimpixel is approximately +0.001
AA, under the conditions of recording (a single sen50 nm set 18.4 ms
illumination time per nm, monochromator entry axd slits at 1.0 mm and 0.2 mm,
respectively). The noise is determined mainly bstabilities of the arc of the Xenon
lamp and for only 10% - 15% by shot noise from@@D camera. Once the setup has
been outlined, the light intensity distribution mdpthe flow-cell remains stable for
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several hours, long enough to perform a seriesnatic measurements. The signal to
noise ratios are for most pixels >50, sufficientperform biochemical and kinetic
analyses. The volume of a single pixel correspdadsly 0.1 nL and the amount of
cytochromec (at 0.5 mM) to 53.0 femtomol underscoring the gesity of this
spectrometer.

4.2 Recor ding absor bance spectra

The general practice to record absorbance spedita av single beam UV-Vis
spectrometerKig. 1) is to use pure buffer as the reference solutidme sample
solution is then prepared by adding a dry powdex small volume of a concentrated
sample (e.g. protein) solution to the referenceitemi. In the UV-Vis spectrometer
designed here this simple protocol failed to yiedgproducible absorbance spectra
(Fig. 9a). Sinus-like periodic absorbance signals appeaaabus wavelengths some
of which with similar intensities as the true peaksnetmyoglobin.

a
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Figure 9. Absorbance spectra of 0.94 mM metmyoglobin in 2d potassium phosphate (pH 7.0)
recorded in different pixels, i.e. at different tio1s along the capillary flow-cell=) The spectrum in
pixel #1900 is approximately the first time poimt kinetic experiments.aj A buffer of 20 mM
potassium phosphate (pH 7.0) served as the refersoletion. ) A buffer of 20 mM potassium
phosphate (pH 7.0) with in addition 22 mg MBSA served as the reference solution.

This sinus-like pattern was slightly different iach pixel as well, thus the buffer
appeared not to constitute a proper referenceisnluthe short path length of the
round flow-cell (100 pum) necessitates the use afceatrated protein solutions,
approximately 100-200 more concentrated than neddeca 10 mm rectangular
cuvette. As a consequence, there is a relativedpe ldifference between the refraction
indices An) or solution densitiesAp ~ 0.001-0.003) between the reference and
sample solutions. This causes differences in tigellan distributions of absorbed and
scattered light trajectories by reference and samplutions (see e.figs. 3 and4)
and hence the CCD camera detects different ligiehsities even for two colourless
solutions with different refraction indices. Thdfeiences in angular distributions of
light between solutions of different densities agp@ore prominent in this setup than
in regular spectrometers owing to the small dimamsiof the slits and the small size
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of the pixels of the CCD camera (one pixel is 1@rd x 13.5 um). The angular
distribution of light intensities is described —@ast qualitatively — by a Frauenhofer
scattering intensity function:

Isam sinc? (NsamA)
~ n d CKQ)
Irer sinc2 (%)

Herein sinc is the hyperbolic sine functiomsay, and nye the refraction indices of
sample and reference solutions, respectively, Atite wavelength of the incident
light. Although this function leads to the sinuselipatterns observedéi@s. 8 and9),

it was in practice not possible to correct UV-Vigestra satisfactorily with this
function. Therefore an experimental approach waseh, that is to make reference
solutions with the same density/refraction indextees protein solution under study.
This is a (simple) matter of trial and err6ig. 9b shows that with 22 mg niLof the
colourless protein Bovine Serum Albumine (BSA) aseterence solution for 0.94
mM metmyoglobin (16.5 mg mt) good quality optical spectra were obtained lagkin
the sinus-like absorbances. In order to obtairnreafee and sample solutions with the
same refraction index the particular BSA conceitnathas to be determined
separately for each protein under study. Once tjugvalent BSA concentration has
been determined at one particular concentratichetample protein this information
can be used to prepare reference BSA solutionglifterent concentrations of the
sample protein since the refraction indices scatbe same proportional manner.

4.3 Deviationsfrom the law of Lambert-Beer

To test the proportionality between absorbancecamdentration, as expressed by the
law of Lambert-Beer, absorbance spectra of redugtatchromec were recorded in
the concentration range from 0.025 mM to 2 mM with UV-Vis spectrometer. As
shown in Fig. 10, the absorbance appears to saturate to a maximaloe \of
approximately 0.55 + 0.02 AU at the highest coneditns of cytochrome used, a
value that corresponds to 28.5% stray light. Thiayslight is due to light that does
not pass the capillary flow-cell that contains thgtochrome c solution, but
nevertheless reaches the CCD camera. Machininglagranent imperfections of £10
pm would produce ~10% differences in stray-lighd amccounts more or less
quantitatively for the observed differences of étisorbance between pixelsds. 6-

8). The UV-Vis spectrometer is linear up to absodeawalues of approximately 0.3
AU (Fig. 10). Spectra appear broadened at higher absorbahees\as is particularly
clear for the Soret band of ferrocytochromé&he good optical quality of the spectra
is evidenced by the ratio of 5.41 for the Sored afband maxima at non-saturating
concentrations (<0.2 mM) ferrocytochrorogthe ratio found also with commercial
UV-Vis spectrometers.
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Figure 10. (a) Absorbance spectra of ferrocytochromat various concentrationsh)(The relation
between absorbance and concentration of ferrocstoohic at 416 nm ) and 551 nm-). The
straight lines ) are fits to the data points of the non-saturaeedctra (0.2 mM). The ratio of the
slopes for A416 and A551 of these lines equals,SdEntical to the ratio of the extinction coeféais

for the Soret- and-band maxima determined in commercial UV-Vis spatieters. Ferrocytochrome

¢ concentrations were: 0.025, 0.05, 0.1, 0.2, 0.6,ahd 2.0 mM. Spectral deformations occur for
absorbances >0.3 AU. The spectra are the averatiee afpectra recorded in pixels 0-1900, along the
whole length of the flow-cell, and were put arhiilsaat zero at 630 nm.

The spectra of ferrocytochronezeup to 0.20 mM (or AU 0.3) ifrig. 10 are virtually
identical to those obtained with commercial UV-gectrometers using a rectangular
cuvette (at concentrations below 10 uM) with theegtion of the absorbance region
above ~580 nm. The spectrum of ferrocytochranshould be flat in this region at
approximately zero absorbance, but the spectrongetgigned here yields a slightly
curved shape. The reasons for this discrepancguarently not understood. Control
experiments with non-absorbing buffers (BSA) praatlspectra with flat baselines at
zero absorbance from 300 nm - 700 nm. So the effa®n with cytochromemight

be due to (second or higher order) grating arfatthe monochromator.

4.4 Comparison between static absorbance spectra and spectra recorded during
fluid flow

The spectra shown so far were recorded withoutdifjow. For kinetic experiments
the fluid in the capillary flow-cell moves at higipeeds up to 40-45 mi'sand at
volumetric flow rate of 20 mL mih At this high flow rate, spectra recorded under
static and flow conditions appear virtually ideati@Fig. 11).
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Absorbance

Wavelength (nm)

Figure 11. Absorbance spectra of ferrocytochroo®.5 mM) recorded without liquid flow-) and at
a liquid flow rate of 20 mL min (-). The top two spectra are the average of the spetitained in
pixels 0-1900. Spectra were recorded &siqn 8.

5. The relation between pressure and temperature and the flow rate in the
continuous-flow micro-mixer

Fig. 12 shows that with increase of flow rate, both, puessand temperature in the
cylindrical cuvette increase too. The pressuregase A[]) is parabolically related to
the volumetric flow ratey) according tdeqg. 3:

A[I=a=*v+bx*v? (Eq. 3)

In Eqg. 3, the linear term contains the wall friction coei#inta, and the quadratic term
describes the flow through an orifice. Experimentlues fora andb determined by
fitting the experimental pressures to a parablig. (12) are approximately 37.01 and
8.09, respectively, indicating substantial waltfion. At the maximal flow rate of 20
mL min™ the pressure builds up to approximately 4000 P27 bar (27.5 MPa).
Under these conditions, the temperature also isegeto approximately 7°C higher
than ambient. The increase in temperature is datethwithEq. 4:
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__ 0.5x%pxv? ATl

=— (Eq. 4)

Cp*p Cp*p

AT

wherep is density of water, 1000 kg ¥w is the average flow velocitgm s?), All is
the pressure in the cuvette (Nyrandc,, is the heat capacity of water 4186 J'%@™.

_ 2.85%10107
4186+1000

AT = 6.8°C

Application of Eq. 4 yields an increase of 6.8°C at 20 mL thim good agreement
with the measurement (dfig. 12).
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Figure 12. Parabolic dependence between presswtjeof temperature—) and flow rate in the

cylindrical cuvette. ) and @) are experimental values, while)(and () are fits according t&gs. 3
and4.

6. Assembly of mixing and optical components

The continuous-flow stainless-steel micro-mixertlod setup is a four-jet tangential
alternating stream or ABAB micro-mixeFi@. 13). Reactants are delivered by two
HPLC pumps as in the MHQ sefuprhe micro-mixer and the cuvette holder are
mounted on two independently adjustable three-axasipulators in the light path
between the monochromator and the CCD camera. Ter®-mixer and the cuvette
holder are separated byCGu inlay (3 mm in outer diameter and ffn thick) that
contains a hole (130 um diameter), which is prégigpesitioned in front of the
cylindrical cuvette by means of@u shim (5 mm in outer diameter, 3 mm in inner
diameter and 2um thick), seeFig. 13. The Cu inlay acts both as a tight seal to
prevent leaking of the reactants (at least up ) and as the micro compartment
where mixing is completed.

As Fig. 13 indicates, each reactant enters two opposite @sn 300 um in

diameter) before meeting at a cross section, ‘teepxing chamber’. The four micro-
channels leading to the premixing chamber arearB@vide and deep. The four micro-
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channels are offset in respect to each other lm avidth of the channel to induce a
vortex of the four liquid streams by which mixirgenhanced. The dimensions of the
pre-mixing chamber are: 1Q0m x 100um x 50um (width x width x depth, 0.5 nL
volume). Here the reactants are premixed at regtilow Reynolds numbers,
Reyremix After the premixing chamber, the reactants aneef into ‘the mixing
chamber’ perpendicular to the plane of the chanmelsinto the hole in th€u inlay
(130 um diameter, 50m long or 663 pL in volume). Here the linear velp®f the
liquids is highest and hence also the Reynolds munie,x leading to complete
mixing. By increasing the flow rate, the residentbme of the liquids in the
premixing- and the mixing chamber — the dead volumbecomes shorter. The
minimal residence time in the ‘dead volume’ or déatk is obtained at the highest
flow rate of 20 mL mift (or 0.33 nL p3), and is calculated as 15 and 2.Qus for
the premixing chamber and mixing chamber, respelstitotaling 3.5 ps. After the
mixing chamber, the mixed reactants directly eiiber optically transparent fused-
silica cylindrical cuvette where UV-Vis measurenseate made. After the cuvette the
fluid flows through a wide bore flexible tubing aml finally dispensed in a waste
container

Fused silica cuvette
cast in plexiglas holder

/ mixing ?=130 um
chamber

I @ orifice
Cu o \ Cu "/
) inlay 663 ph inlay

< Channel A [/ 500 pL Channel A

premixing )
chamber l”

‘\ /’\_/‘

mixer body

Cuiptay
Cu shim

The pre-mixing
chamber

Figure 13. (1) Geometry of the four-jet tangential stainlesekf&BAB micro-mixer and the plexiglass
cuvette holder equipped with a fused silica cuvelitee micro-mixer and cuvette holder are separated
by aCu inlay, precisely positioned with respect to onether by aCu shim. The micro-mixer body
and cuvette holder are held together by four loogews (not shown in the figure). Reaction
components A and B enter the mixer body as indicated subsequently flow to the four channels
arranged in a cross (s¢éd). The components are then forced through a 130mida hole (‘mixing
chamber’) in theCu inlay. (1) Slice through the mixer body (‘side view’) anagBu inlay along two
channels (A-A; B-B (not shown)). The premixing chenis located between the mixer body and the
mixing chamber. I(1) Alternating ABAB channel arrangement (‘top viewdnd the premixing
chamber (of the dismounted mixer). The premixingroher has dimensions of 100 x 100 x 50*um
yielding a volume of 500 pL.
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7. The mixing efficiency of the four-jet tangential ABAB micro-mixer
7.1 Thereaction between HPT S and acidic and alkaline solutions

To determine the mixing efficiency of mixing dewsgea chemical reaction must be
selected that is completed within the mixing deatktof the set up. Most suitable for
this purpose are the fast protonation/deprotonataactions with pH-sensitive dyes.
HPTS (8-hydroxypyrene-1, 3, 6-trisulfonic acid,calnown as pyranine) is a highly
water-soluble pH-sensitive dye with a ja€ approximately 7.3 in aqueous solution.
The protonation and deprotonation rate constargsleéd 16'M™s* and 1-2 18
M st respectiveB*". So under our experimental conditions'Jrbr [OH] ~10
mM) protonation/deprotonation of HPTS occurs weithim our time resolution of
318 ns per pixel at 20 mL mifrfluid flow rate, and the mixing efficiency can thbe
determined from the ratio of protonated versus partenated HPTS in the first point
of observation, here called the" pixel’.

In alkaline solution HPTS absorbs maximally at 468, whereas in acidic solutions
there is no absorbance at this wavelengpiy.(14a, blue). In acidic solutions the
maximal absorbance is at 406 nm, a wavelength wtherdye in alkaline solution has
a small absorbanceFig. 14a, black). The optical properties and the high
protonation/deprotonation reactivity make HPTS #&able dye to determine the
mixing efficiency of the four-jet tangential microixer when recording spectra
between 380 nm to 500 nm along the length of thHendarycal cuvette Fig. 14).
Observation starts immediately after the liquidsen&eft theCu inlay and enter the
cuvette.

The absorbance spectra of the protonation (Basécid; Fig. 14b, black) and
deprotonation (Acid to Basé&ig. 14b, blue) kinetics were acquired using a 1.5 fold
excess of acid over base, or the reverse, respbctithe control or reference
absorbance spectra are obtained by mixing a dyalkialine buffer with alkaline
buffer and similarly for the dye in acidic buffefig. 14a, spectra irblue and black,
respectively). The percentage or degree of mixng Base to Acid, or Acid to Base
experiment can now be determined using Two-compoaralysis (for details see
Material and Methods).

Fig. 14b indicates, that at the high flow rate of 20 mL thimixing is complete in the
very first time point (318 ns after mixing in theré-)mixing chambers) evidenced by
the appearance of only one spectral componengiftpixel, here pixel 1901. Either
the (‘acidic’) 406 nm peak is visible for the BaseAcid reaction (black spectra), or
the (‘basic’) 458 nm peak for the Acid to Base teac(blue spectra). The residence
time in the pre-mixing and mixing chambers (deatlim®) at a flow rate of 20 mL
min’is 3.5 s, hence mixing is completed within 3.8 us

Fig. 15 shows kinetic traces of the Acid to Base and Bagkcid reactions calculated
by the Two-component analysis method. The tracddgnl5 indicate also that the
mixing is completed in the first time point (pixE901) recorded in the capillary flow-
cell. The value of coefficierd (the fraction of acid, black) is very close tot Btarts
from zero, while coefficienb (the fraction of base, blue) equals 0 but itsahialue
was 1 in the case of conversion of the Base to Axith of HPTS Fig. 15b).
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Figure 14. The absorbance spectra of HPTS dye recorded wtkifirst 6.36 ps (20 pixels) at a liquid
flow rate of 20 mL mift. (a) Base control spectra - 3 mM HPTS in 10 mM NaOH (2) mixed vs 10
mM NaOH (pH 12) €); Acid control spectra - 3 mM HPTS in 10 mM HCHJ2) mixed vs 10 mM
HCI (pH 2) (). b) Kinetic traces of the Base to Acid reaction - BIHPTS in 20 mM NaOH (pH
12.3) mixed vs 30 mM HCI (pH 1.52) (-) and AcidBase reaction - 3 mM HPTS in 20 mM HCI (pH
1.7) mixed vs 30 mM NaOH (pH 12.48))( The final concentration of HPTS dye was 1.5 nT\d.
minimize the spectral effect due to the formatiésailt, 30 mM NaCl was added to each solution.
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Figure 15. Kinetic traces of §) HPTS Acid to Base reaction and) (HPTS Base to Acid reactions
determined in the first 64 pixels (20.35 ps). Thectra were analysed using Two-component analysis
(seeEq. 8 in Material and Methods). The finding that coefficiend (—) and coefficienb (—) have
values close to zero and one, respectively, infitts¢ data point (‘time zero’) indicates complete
conversion from the Acid to Base form of HPTS a& thverse. The first pixel, pixel 1901 covers the
time from 0-318 ns, after mixing in the premixingdamixing chambers. The experimental conditions
are the same as kig. 14.

7.2 Relation between Reynolds number and mixing efficiency

To determine at which Reynolds number the mixingaspleted at the very first
point of observation the experiment shownHFiy. 14 was repeated at flow rates
between 0.5-7 mL mih using a 100 pnPt instead ofCu inlay; the Pt inlay is
normally used in the MHQ settipAs Fig. 16 shows, the mixing is completed already
at a flow rate of approximately 5 mL niirwhere the calculateBlein the 100 pnPt
inlay orifice is 1060. This value is considerabbyvker than the onset of turbulence in
pipe flow, which occurs @e= 2040%°. That mixing is apparently complete in a pre-
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turbulent regime may be due to the vortex expeadry the four tangential liquid
flows that is induced by the channel offset (Bag 13 and referen.

s . -1
flow rate, mL min”’ flow rate, mL min
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Figure 16. Percentage of mixing in the first pixel (first #nmpoint) of the cylindrical cuvette as a
function of the flow rate and the Reynolds numbalculated for the 100 urRt inlay orifice.
Percentage of mixing is presented as disappeaddram@d () and appearance of base€) for the Acid
to Base reactiona] and as appearance of aci¢) @nd disappearance of base for the Base to Acid
reaction b). (—e—) and (—e—) are experimental values. The experimental camktare the same as in
Fig. 14.

8. Calculation of the dead-time of the continuous-flow micro-mixer

To determine the dead-time of the set up, the i@abietween ferrocytochronmeand
sodiumferrihexacyanide was studied as a modelicgact

Cytochrome c?* + Fe!ll(CN)¢]3~ @ Cytochrome ¢3* + Fe!!(CN)¢]*~ (Eq. 5)

The second order rate constant of this reactionbleas determined using stopped-
flow (SF) kinetic measuremenrits The rate constants (at pH 7) reported in the
literature vary between 0.87 x 1M™*s* and 1.2 x 10M™s. At concentrations of
100 mM sodiumferrinexacyanide the turnover freqyeisc approximately ~1 ps,
suitable for our purposes. Given the uncertaintyhim rate constants reported in the
literature, which may lead to substantial errorshi@ dead-time determination of the
set up, we determined the rate constant for theticeaourselves by the stopped-flow
method at various temperatures.

8.1 Stopped-flow kinetic measur ements

The dead-time of our stopped-flow instrument is-26 ms, hence the reaction is
completed within the dead-time already at ~300 pddiwnferrihexacyanide. To
obtain reliable rate constants, the reaction wadiatl with excess ferrocytochrorme
over sodiumferricyanide under both first- and sekorder conditions. In this way the
concentration of sodiumferrihexacyanide can be rdeteed accurately from the
amount of oxidation of ferrous cytochroroeThe stopped-flow traces were analyzed
from the kinetics at 550 nnfig. 17) or by Two-component analysi&if. 18). The
results are shown inable 1. The calculated rate constants are close to tregs®ted

in the literature, while single wavelength analysisd Two-component analysis
methods agreed within approximately 10%. Since Twen-component analysis
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method uses the whole spectrum for calculationerathan a single wavelength, it
should be more accurate. More importantly, the odtéhe reaction is found to be
almost independent of temperature as might be ¢éxgpashen outer-sphere (pure)
electron transfer is rate limitiAgy

Table 1. Rate constants at 0.1 M ionic strength for thectiea between ferrocytochrome and
sodiumferrihexacyanide
Analysis Method | Rate constant {\d")
Stopped-flow
550 nm peak
19.3C (0.88+0.23) x 10
34.4C (0.94+0.1) x 10
Two-component analysis
19.3C (1.03 + 0.14) x 10
34.4C (1.05 + 0.07) x 10
Continuous-flow set up
27.5C | (0.96 +0.03) x 10
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Figure 17. Stopped-flow traces of the oxidation of ferrocytamme ¢ by sodiumferrihexacyanide
calculated with two-component analysis. The frattd reduced cytochromehas been plotted (dots).
(@) 19.3C and b) 34.4C. Experiments were performed at 29.6 uM ferrodytome ¢ mixed with
ferrihexacyanide in 50 mM potassium phosphate (fH: 2 pM €); 2 uM (); 3 UM ( ); 6 UM &);
10 pM () and 20 uM ). The black lines-f) are second-order fits used to determine theaatstant
of the reaction.
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Figure 18. Stopped-flow traces of the oxidation of ferrocytomme ¢ by sodiumferrihexacyanide
monitored at 550 nm at temperatures: 19.3C and b) 34.4C. Experimental conditions and color
coding are the same askhiyg. 17.
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8.2 Kinetic measur ementswith the continuous-flow ultra-fast mixing instrument

To calculate the rate constant and the instrumelatadl-time, the reaction was studied
with excess sodium ferrihexacyanide over ferrodytome ¢ under both first- and
second-order condition$i@. 19). Analysis of the traces indicated tHats was not
proportional to the concentration of ferrihexacyglniabove approximately 10 mM
(Fig. 20, black data points). Therefore, the calculatedsderder rate constantyfk
blue datafig. 20) is not constant and was found to decrease bytabtactor of ten,
i.e. from ~10 to 18 M™*s* when the concentration of ferrihexacyanide waseiased
from 1 mM to 100 mM. However, the increase in tbaaentration of oxidant leads to
an increase in the ionic strength and this willueglthe rate of the reaction because it
involves two oppositely charged reactanEy.(5). The oxidant ferrihexacyanide
carries a high net negative charge of -3=(2) and hence the total ionic strength
increases from 0.1 M to 0.7 M in the ferrihexacga@nconcentration range from 1
mM to 100 mM; the phosphate buffer contributes 8.89to the ionic strength. The
total charge of reduced cytochromés +6.5 (z2=+6.5Y°. The effect of ionic strength
on the rate of electron transfer reactions is we#icribed in the literatur&q. 16 in
was used to calculate the effect of ionic stremgthhhe rate of electron transfer:

e~ kRz ) Z17Z5
Ri1+R;

e—le
Ink = Inky — 3.567 - (1+kR2 + oy

(Eq. 6)
Herein the ionic radiR; and R, were taken as 4.5 A and 16.6 A for ferrinexacyanide
and ferrocytochrome®. The ionic strength parameter for wateis equal to 0.329
n¥?A™* whereinp is the ionic strength. The rate constant at zenicistrength io.
The second-order rate constants corrected for &tnéngth are plotted iRig. 20 (red
data points and fit) and yield for 0.1 M ionic stg¢h the value of 0.96 x 1M™s*
(Table 1). This value is in good agreement with that oladifrom the stopped-flow
data and within the range of values reported irlitemture.

Fig. 19b shows that the second-order fits cross at a sitigie point where the
fraction of the reactant, ferrocytochromeequals 1.0. This time point represents the
true ‘time zero'. Approximately 3.8 us (or 12 pigeln the CCD camera) beyond this
time zero, the second-order fits agree well witlhculated fractions of reduced
cytochromec. The calculated dead-time of the instrument istBi8 + 0.3 ps. This
value agrees well with the total dead volume ofrthero-mixer of 1.15-1.2 nL, which
is equivalent to 3.5 + 0.1 ps at a fluid flow rafe20 mL min*. With the CCD camera
outlined with the first pixel at #1900, the timeaes at pixel 1912 + 1, and the first
part of the experimental trace that falls on theosd-order fit is at pixel 1900 + 1,
just beyond the sharp increase in light intensftyhe transmission profile (sdégs.
6-8). The time uncertainty of £0.318 us that corregjsoto £1 pixel is in agreement
with the monochromator exit slit of 0.2 mm (s€e&y. 5). In a similar kinetic
experiment as described but using 1 mm slit widlle same second-order rate
constant was found, but the apparent dead-timeirf@adased to 7 £ 2 us (data not
shown) owing to broadening of the peaks on the C&mera.
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Figure 19. Kinetic traces of the reaction between ferrocytoaie ¢ (0.48 mM) and various
concentrations of sodium ferrihexacyanide at 27.58€rded with the Continuous-flow setup. The
graphs show the data after Two-component analgsibea Fraction of ferrocytochrontevs time @)
and after calculating the logarithm of this fraati). The buffer was 50 mM potassium phosphate (pH
7, lonic strength is 0.1 M). Final ferrihexacyanm®centrations were: 1 mM)( 2 mM ), 5 mM (),

10 mM (), 20 mM () and 50 mM {); the data obtained at 100 mM are omitted fromfitpere. The
black line (-) is the sum of (oxidized + reducegfochromec (only shown for the reaction at 2 mM
sodium ferrihexacyanide), which should remain canisat 1.0. The lines through the data poibjs (
are second-order fits with the rate constants atdit inFig. 20 (e). The fits all cross in a single point
(21 pixel or 318 ns) where the fraction of reduastbchromec equals 1. Kinetic traces are shown
from a time of 3.8 us (the determined dead-time)ntthis time onwards, the data follow the fits.
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Figure 20. The effect of ionic strength caused by high cotagions of ferrihexacyanide on observed
(kobs —) and calculatedkg,q —) rate constants for the reaction between 0.48 mivbéytochromec
and sodiumferrihexacyanide. The values of the sbooder rate constant corrected for ionic strength
by Eq. 6 are given by€) and fitted to a horizontal line yielding a valoi(0.96 + 0.1) x 10M™*s™.
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9. Discussion and conclusions

The test results and the kinetic experiments desdrhere demonstrate that the newly
designed continuous flow ultra-fast mixing instrurhkas a dead-time of 3.8 + 0.3 ps.
This dead-time is 10-20 fold shorter than any otl@wntinuous-flow) mixing
instrument in the world and represents an improvenoé at least factor of 300 in
time resolution over commercially available stopfiled instruments, which achieve
a dead-time of 1.5 ms at b8stThe instrument produces 1900 UV-Vis spectra
separated in time by only 318 ns for 600 us athigbest flow rate of 20 mL mih
The flow rate can be reduced to approximately 5t7min™ with complete mixing in
the first data point thus extending the time base2 ms, overlapping with that of the
stopped-flow. The optical sensitivity of the instrent is illustrated by a signal-to-
noise ratio >50 of the spectra, which are recordedvolume of only 106 pL with 10-
90 femtomol of enzyme.

Turbulent mixing at high fluid flow rates imply tHmuilt up of high pressures up to
~400 bar. The high flow rates also lead to a teatpee increase (by maximally 7°C
at 20 mL min®). The current setup is not equipped with a thetataso the reaction
temperature is equal to the ambient temperature222G@) plus maximally 7°C.
Although the increase in temperature relative tdoiemt cannot be avoided, the
micro-mixer plus cuvette holder could be provideithva thermostat expanding the
applications of the current setup.

Unlike stopped flow, the continuous-flow approachquires high amounts of
reagents, usually at high concentrations (0.2-1 m)obtain sufficient optical
absorbance at a path length of 100 um. The highuatrad reagents needed remains a
general disadvantage of continuous-flow over stdgifmv methods. This limitation
can be overcome in part by increasing the sensitori signal-to-noise ratio by using
a light source with higher power density than usedthis work. The UV-Vis
spectrometer was also successfully used in eitbat-face or 90-degree fluorescence
mode (data not shown). The latter arrangement wgdemented by placing a
transparent plexiglass window within the black péass bodyfig. 1) perpendicular

to the capillary flow cell.

Taken together, the specifications of the curremttiouous flow ultra-fast mixing
setup and the experiments described here show ithéd possible to study
(bio)chemical reactions on the microsecond timelesddling a gap in current
scientific instrumentation that relies on the mxf reactants. The new setup enables
detailed kinetic analyses of the very onset of sabs and ligand binding, biocatalysis
and protein folding.

10. Materials and methods

10.1 Instrumentation and construction of the capillary flow-cell

The following parts were used in the ultrafast mixidevice. The sample delivery
system and stainless-steel micro-mixer were theesasnused in the MHQ setup as
described iA The high-speed scanning monochromator equippéd &i75 Watt
Xenon short-arc light source (Ushio) was purchasedh Optical Building Blocks
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Corporation (OBB). It runs under Moco software peog provided by OBB. The
Newton DU-940N-BU CCD camera was purchased fromokn®ata are acquired
with the Andor Solis imaging software, which ruhge {CCD detector. Fluid flow was
initiated manually whereafter the CCD camera wawaed. The CCD software was
used to trigger the Moco program to initiate therstng monochromator.

The two three-axes manipulators (X, vy, z lineagetand the two-axis tilt and rotation
stage), a plano-convex and bi-convex lens and lesider were from Newport
Corporation. The manipulators were machined toofit top of one another and
adapted to carry the micro-mixer plus cuvette holded are used to outline the
capillary flow-cell with respect to the light beaifhe CCD camera is next aligned to
the flow-cell. The CCD camera is mounted on a snialfile allowing manual
translations in the x, y plane; vertical manuahstations of the four supports were
performed with four fine screws. The capillary fdsglica flow-cell (100 um inner
diameter, 360 um outer diameter) was from Polymiteahnologies. The various
slits (70 pm, 100 pm, 250 um) are made from brassmaounted very precisely on
the cuvette holder.

The cuvette holder is made from UV transparent laadk plexiglass. The capillary
optical flow-cell is first glued between two UV trgparent plexiglass surfaces (2.5 x
18.5 x 30 mm), one containing a U-shaped groowepther a mirror image T-profile.
To each surface a piece of black plexiglass (9.% ¥80 mm) is glued in which four
holes are drilled for screws to connect to the boflfhe micro-mixer. The UV-
transparent and black plexiglass bloc constitugectivette holderHigs. 1 and2). An
aluminium stopper is mounted on the fluid exit bé tcuvette holder to hold the
capillary flow-cell in position; this stopper coirta a hole (diameter of 0.2 mm) for
fluid drain. On the mixer end of the cuvette holddslack plexiglass bloc (5 x 18.5 x
23 mm) with a central 5 mm hole is mounted thavegras a guide to connect the
cuvette holder to the mixer body. On the light ante side of the cuvette holder a 7-8
mm deep groove is made along its whole length up tam from the capillary flow-
cell; the 70 um or 100 um entrance slit is posdin the groove exactly aligned
with the capillary flow-cell Fig. 2). The cuvette-holder is physically connected ® th
micro-mixer via a disc-shaped seal of soft matesfgblatinum or copper (50 pm or
100 pm thick). The connection is made in a leale freanner to withstand the
pressures generated up to 400 bar by the fastdfothe fluids. The seal contains a
single cylindrical hole of dimensions of the mieroxer and capillary (~100-130
um). The seal acts in practice also as the mainngigompartment. Seals with
mixing volumes between 0.5-1.0 nL were used. Thidseasf the capillary flow-cell
and the blunt ends of the plexiglass surfaceslatefied using 1 pum diamond paper
to avoid solvent leaks and provide a flat surfameilfumination, respectively. The
various parts are machined in the laboratory’s whop. Precision outlining and
construction were done with the help of a long-vimgkdistance microscope (10 cm,
15x magnification). All components are mounted od.&a cm thick stainless-steel
base plate. The CCD camera, cuvette holder anédesu® contained in a lightproof
box.
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10.2 Alignment of the setup and recording of spectra

In order to precisely outline the setup light o#4¥m was used, the maximum of the
emission spectrum of the Xenon lamp and the capiflaw-cell filled with milli-Q
water. The various components are outlined un&@ tmage of the flow-cell is
projected approximately in the middle of the CCDneaa operating in image mode.
The cuvette holder is manipulated precisely pdratiehe bottom of the base plate
using a mini leveler and perpendicular to the ligaam, i.e. to a position where the
‘first pixel’ has a minimum peak width. The heigind tilt of the CCD camera are
subsequently adjusted in respect to the image effldw-cell so that the latter is
precisely horizontally aligned with the CCD chipin&lly, the CCD camera is
elevated so that the image of the flow-cell is ectgd on the lowest 30 (or 50)
vertical pixels of the CCD chip and a cover, thasas a permanent shutter, is placed
over the front of the CCD camera so that only tbeer 30 (or 50) pixels are
illuminated. This arrangement in conjunction witke tvarious slits minimizes stray
light and allows recording of data in the fast CR8P(or 50) mode. In CROP 30 (or
50) mode the light intensity in the z-direction3fF (or 50) vertical pixels is binned,
i.e. the intensity of the vertical pixels is addpthducing a single value for a pixel at
a particular position of the flow-cell (y-directi@n the time axis).

UV-Vis spectra from 300-800 nm or part of this dgpslarange were recorded with 0.1
mm or 0.2 mm monochromator exit slit and betweed rhm entrance slit. Kinetic
data were recorded in general at 50 nni*sad the recording speed of the CCD
camera was adjusted so that each recording cyske20 ms, This produces UV-Vis
spectra with a data resolution of 1 nm whilst thecsral resolution determined by the
exit slit was 0.35 nm or 0.7 nm (with the entrargté at 0.1 mm or 0.2 mm,
respectively). The CCD camera settings are asvistloAcquisition mode ‘kinetic
series’, data type ‘counts’, frequency of 50 Hz €8@ns set, vertical shift speed of
14.625 s, pixel readout rate of 2.5 MHz, tempeeatf the CCD of -6%, number
of active pixel rows 30 (or 50), number of accunediascans 1. This cycle time of 20
ms yields an illumination time of 18.4 ms. In pautar for static measurements,
slower scanning speeds may be selected or mores scanmulated, increasing the
signal to noise ratio of the spectra. To obtain \Ag-absorbance spectra separate
dark count, sample and appropriate reference tracesrecorded under identical
alignments and settings of the CCD camera 8etons 3 and4, and the text below
for further details).

10.3 Data acquisition, processing, analyses and graphical presentation of data

Spectral data are acquired with the Andor Solisgimz program. Data are collected
as multi-scans in .SIF format, in general as 1 omohe scan, each scan containing
2048 pixel data points. Processing, analysisngitand graphical presentation of data
are performed with the software package Igor Pe.05 or 6.04 (Wavemetrics). The
software was written to open Andor Solis .SIF fil®s Igor, to calculate and plot
(2048) UV-Vis spectra and to perform kinetic anab/qsee below). In order to
calculate the UV-Vis spectrum, the background ceuvere subtracted from the light
counts of sample and reference.
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UV-Vis spectra were analysed using Component Amsifysin particular Two-
component analysis. Spectra are fitte@&tp 7:

f (X, y) = alx+ by ¢ (EQ

in which x andy correspond to the one-component UV-Vis spectem, axidized
cytochromec and reduced cytochronwefor the reaction between ferrocytochrome
and sodiumferrihexacyanide, or, in the case of HPh® acid, and base forms,
respectively. The coefficiens andb, which indicate the degree of conversion, vary
between 0 and 1 (the maximal amount or concentrati@ component); coefficiewnt

is a vertical offset (and determined in all anatys€.01). The three coefficients are
calculated using linear regression with the stgrtamd final component UV-Vis
spectra (oxidized cytochronweand reduced cytochronee or the acid and base forms
of HPTS) as the input basis set. In general thasesJV-Vis spectra were recorded
separately from the spectra recorded in the kiretmeriment, although in principle
they could be determined to good approximation fitben initial and, in particular,
from the final spectra of a kinetic experiment. Tdavantage of using the whole
spectrum for analysis rather than a single wavete(ige. 550 nm for cytochrome

is that the whole spectrum contains ~300 spectt doints which greatly improves
the reliability of the determination of the degrdeconversion and similarly produces
kinetic traces with much better signal-to-noiseordt/300, or 17-fold). The kinetic
traces thus obtained are fitted to equations dasgiirreversible first-order or
second-order reactions. The second order equatigiven by:

(By—Ao)-€b
(BO_AO)_e(Bo—Ao)'t'kznd_l

(Eq. 8)

AABS(t) = of fset + Absys +

in which offsetis a free parametedbps;,, is absorbance at infinite time aadhe
effective extinction coefficient of ferrocytochrome. Ay and By are initial
concentrations of ferrocytochronteand sodiumferrinexacyanide in Ml,is time in
secondsk.nd the second order rate constant in M s

10.4 Kinetic experiments

The stopped-flow experiments were performed withAgplied Photophysics SX21
instrument for which the dead-time was determined.&2.6 ms. Experiments were
performed in the SF photo-diode array mode, allgwabsorbance spectral recording
in the wavelength range from 195 nm to 740 nm.llrexperiments, 2.96 x 10M
ferrocytochromec (reduced by 6 x I® M of ascorbic acid) was mixed with
sodiumferrihexacyanide at concentrations varyingmfr1-20 x 1§ M. Kinetic
measurements were performed in 50 mM phosphateratfpH 7, at two different
temperatures, 19°8@ and 34.9C. Acquired kinetic absorbance spectra were andlyse
in two ways: 1) using the whole spectrum and apglyiwo-component analysigd.

8) or 2) by extracting the single wavelength traaeS50 nm.

Continuous-flow kinetic measurements with the netug were performed at a total
flow rate of 20 mL mift, at 27.5C, in the spectral range from 350 nm to 650 nm. A
stock solution of 2.2 x TOM ferrocytochrome (the oxidized form reduced by 4.4 x
102 M of ascorbic acid) was diluted to 0.96 x31M; this latter solution was mixed
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with different sodiumferrinexacyanide concentrasiorarying from 1-100nM. All
solutions contained 50 mM phosphate buffer (pH .718) separate experiments
oxidized and reduced cytochromng0.96 x 10° M) were mixed versus buffer only.
The data from these latter experiments served eddsis set for Two-component
analysis. Optical reference solutions contained B3 mg mL') in 50 mM
phosphate buffer (pH 7.0); these reference solstiarere mixed with buffers
containing the same ferrihexacyanide concentraticas in the oxidation
experimentsHPTS (8-hydroxypyrene-1, 3, 6-trisulforacid, or pyranine) was
supplied by Invitrogen, Molecular Probes. Cytocheom from equine heart,
sodiumferrihnexacyanide, and ascorbic acid were fg&agma Aldrich.
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Chapter 5

An optically improved continuous flow ultra-fast mixing
instrument for the study of transient inter mediates

Sandra Mit¢, Marc J.F. Strampraad, Wilfred Hagen
and Simon de Vriest

1. Summary

A continuous flow ultra-fast mixing device with actangular flow cell has been
developed with similar advances in time resolut{dead-time of 3.8 + 0.3 us) as
described irChapter 4, but with greatly improved optical qualificatiots record of
UV-Vis spectra. The rectangular flow cell contans30 mm long channel of 70 + 5
pum path length constructed from two parallel sheétsilver foil with a thickness of
109 um. The silver foil also acts as a shield forys light thus producing a
spectrophotometer that is linear up to at least AbSorbance. The noise in each
spectrum has decreased from =0.Q04 to £0.0003AA. The new instrument was
used to study the partial refolding kinetics ofdadenatured cytochromein a pH-
jump experiment. After a very rapid initial phagse=( 4.7 ps) not observed hitherto,
partial refolding proceeds with life times of 83 @isd 345 us. Using singular value
decomposition the complete spectra of three foldngrmediates were determined.
The spectra indicate a high spin to low spin chamighe heme iron in the 345 us
folding phase. The newly detected phase of 4.5 psdposed to reflect formation of
the heme-iron bond with His18, an event, whichgeig amino-acid residues Trp59
and lle75 to initiate the folding of the two distahelices that surround the porphyrin
ring. Our experimental results show that this newtrument enables study of
(bio)chemical reactions on the microsecond timéesice&luding protein folding.
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2. Introduction

In Chapter 4 we indicated that a complete study of the catalytechanism of
enzymes and of chemical reactions in general, regtinat the reaction is initiated so
rapidly that the subsequent formation and decagllafeaction intermediates can be
monitored. A setup was designed that acquires U¥9fiectra with a dead-time of
3.8 us using the oxidation of cytochroradby ferrihexacyanide as a test reaction.
Here we report on the optical improvement of tleitip and further provide a study of
the refolding kinetics of acid denatured cytochrame

Globular proteins often display cooperative unfiogdtransitions in which mixtures of
native and partially denatured molecules accumugatequilibrium. The compact
folded (native) structure is proposed to be stabdi by a great number of weak
interactions that are cooperative in nature angeguently, the partially folded states
are inherently unstabié A long-standing question is whether protein (afihg
proceeds via a series of specific intermediates #ma partially folded or that
compaction/denaturation of the protein chain anmespecific condensation/unfolding
processes, respectively.

Partially folded states — structures intermediatvieen oren routeto the completely
folded or unfolded state — accumulate under demgflwronditions, e.g. at extreme
acidic or alkaline pH or in the presence of deraits like >0.5 M guanidine HCI
(GUHCIY3. Although these partially folded states are ofterstable they represent
distinct thermodynamic states with well-defined s®tary structures, which can be
resolved kineticall§*. Protein folding studies provide evidence for toeurrence of
kinetic intermediates even in small, single dong@inteins'®. The study of structural,
kinetic and thermodynamic properties of proteindiofy contributes to our
understanding of many diseases such as Parkingbilaheimer caused by protein
misfolding or aggregation of partially denaturedotping. Cytochromec is a
polypeptide of 104-residues and synthesized asploprotein. The apoprotein folds
into a stable globular structure only after covalattachment of the heme, which
occurs in the mitochondrial intermembrane spac€ytochromec is bound to the
mitochondrial innermembrane and serves as the retecshuttle between the
cytochromebc; complex and cytochromeoxidase. Release of cytochrometo the
cytosol for example as a result of structural daentthe mitochondrion leads to
apoptosis, programmed cell deth

Cytochromec has been used in many studies on electron traastemore recently as
a model system for the study of protein foldingdese unfolding and (re)folding are
reversible processes that occur in the absencehapbpertones and without protein
degradatioff. At pH 2, cytochromeis fully unfolded and it completely refolds upon
neutralization. Oxidized cytochrome exhibits five states between pH 1 and 12,
labeled with Roman numerals ¥/ State Il is the fully folded native state, sgt¥
and V have been populated under alkaline conditidfigen the oxidized cytochrome
c is exposed to alkaline conditions at pH 11.5 faregk, the protein undergoes a very
slow conformational transition from state V to at@dly unfolded state M. This state
is very stable even under physiological conditiats 7 and room temperatut)
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Folding of cytochromeein vivo is initiated by the covalent attachment of the Bem
group to two cysteine residues (Cysl14 and Cysh7}thk fully folded native protein,
His18 and Met80 serve as axial ligands to the lpu ieme iron and a cluster of
threea-helices is grouped around one edge of the henteorse heart cytochronoea
conserved tryptophan residue, Trp59, is locatetimitO A of the heme iron, and its
fluorescence is almost completely quenched upadirfglvia energy transfer to the
covalently bound henie Strong denaturing conditions result in a largeréase in
Trp59 fluorescence (up to ~60% of that of free topman in water) indicative of a
major increase in the average heme-tryptophan rdistagreater than 35 A, rkf.
However, excitation-wavelength-dependent fluoreseespectroscopy studies by
Kleinermananns at af.show that upon excitation of cytochromat 280 nm actually
both Trp59 and porphyrin fluorescence contributéotal fluorescence and that their
relative contributions depend on pH. At pH 2 theofescence originates almost
completely from the Trp59 residue. At pH 3-7, tloeghyrin system contributes 80%
to the total fluorescence.

In one of the first studies, Akiyama et al. usingoatinuous-flow CD instrument with
a shortest time resolution of 400 us, were ableesolve the changes in the far-Uv
region of the spectra associated with the 600 ps) andz(= 2 ms) phase of folding
of oxidized cytochrome. Extrapolation to time zero, indicates that in fingt 400 ps
of the refolding approximately 20% of the natoxdelical structure is formed.

By using Trp59 heme Fluorescence quenching dueotwadiative energy transfer
from the Trp to the heme and far-UV Circular Didsro D. Elove et at® detected
formation of a compact (loosely folded state) imtediate ¢ with a native-like helix
content, which accumulates during the first fewliseconds of refolding. Studies on
the folding of cytochrome by Roder and Elové have shown that the paring of the
N- and C-terminal helices leads to formation of plaetially folded \c intermediate
that accumulates within 10-20 ms under refoldingditions (pH> 6). Thus, under the
refolding conditions (pH 6.3, 0.7 M GuHCI), thedolg mechanism is described by
two sequential intermediates;, Iwhich accumulates on the (sub)millisecond time
scale and is in rapid equilibrium with the unfaldgtates, and, which is populated
within 10-100 ms.

Using the continuous-flow capillary mixing instrunie(dead-time of ~45 ps)
Rodef*®investigated both, the fluorescence changes ame ladsorbance changes in
the Soret region (360-430 nm) during the refoldofgoxidized cytochrome. The
reaction was initiated by a jump from pH 2, whdre protein is completely unfolded,
to pH 4.5 where partial refolding rapidly occurdieTdata indicate a bi-exponential
decay with a rapid phase (time constant of 59 ishbthat accounts for 60% of the
total fluorescence changes (indicative of the fdromaof anassemble of compact
states) followed by a smaller change of ~435 usdbatributes approximately 30%
to the total amplitude. Combined continuous-flowd astopped-flow absorbance
kinetic data indicated three time constants of 6§ FOO ps and 2 ms, and
accumulation of two intermediates, | and M. The intermediates show absorbance
properties distinct from both the initial (unfolded) and the final (totally folded,
native, N) state. In a recent stddyMR was used to observe H/D exchange of 50
backbone NH groups with 140 ps time resolution valg to directly detect
hydrogen-bond formation in refolding cytochromée he results showed rapid folding
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of two a-helical segments in the C-terminus. The N-termhmlx remained largely
unstructured and folded in the millisecond timegaanThese findings were proposed
to indicate that the initial folding steps occuraigh specific interactions ‘among a
subset ofi-helical segments’ rather than a general hydrojhedilapseé.

Combining time-correlated single photon countingf €SPC, which measures the
distance between the heme of the protein and alartiiya attached dye molecule-
with fluorescence correlation spectroscopy — FCBiclv measures changes in the
overall physical dimensions of the protein over itiuiege of pH values, Godwin et al.
(2006)* indicated that the acid-unfolded structure of ciitomec is in is in rapid (30
us) dynamic equilibrium with a compact intermedstieicture.

Resonance Raman kinetic studies with ~100 ps tieselution of cytochrome
folding by Rousseau et &2 provide direct information on the ligation statetioe
heme iron. The authors suggest that at pH 2 intdesdh cytochrome the heme is
five-coordinate high spin. None of the histidinsideies (His18, the native ligand, or
His26 and His33) are coordinated, the fifth ligdmeing water. During folding the
heme iron becomes six-coordinate with water andi&ias ligands before folding
proceeds to yield the native low spin His18/Met&®rdinated heme iron. It was
further observed that non-native intermediates foay during folding or unfolding
such as the six-coordinate low-spin bis-His intedia® where His18 and His26 (or
His33) serve as ligands to the heme iron.

As indicated above, Raman, Fluorescence and UVspetroscopy are frequently-
used techniques to study the (re)folding of cytooigc. In spite of their good time
resolution (~30 ps for TCSPS and FCS, ~50 us tipdlaxy flow mixer) and the
information on the heme iron ligation state, thetein structural information that one
can obtain is limited. Circular Dichroism is morgarmative yielding the amount and
type, but not location, of secondary structure. NMBhe most informative technique
providing direct evidence for the position of sedary structure based on the C
resonances, thus local rather than global infonatilt is important to establish the
very first events in refolding and the recent NMRri gives hints for structural
changes occurring at rates of 150.00@shigher. Our optically improved continuous
flow ultra-fast mixing instrument can approach tlatder time scale. Our results show
that the initial refolding of denatured oxidized@yhromec occurs very rapidly with
1= 4.7 us, a phase not observed before, and @xfed by partial refolding steps with
time constants of 83 ps and 345 ps.

3. Results
3.1 Optical components and optical performance of the setup

The optically improved continuous-flow ultra-fastxing setup uses the same type of
instrumental components as the instrument desciib#te previouhapter 4, Fig.

1, but instead of a cylindrical cuvette it employ8@& mm long rectangular cuvette
(Fig. 1 and compare witlChapter 4, Fig. 2). The rectangular observation flow cell is
constructed from two parallel sheets of silver fwith a thickness of 109 um (the
optical path length) and separated by 70 + 5 pne dilver sheets not only form a
rectangular microchannel for fluid flow, but alsat @s an efficient shield for stray
light. The high reduction in stray light is illuated in Fig. 2. The UV-Vis

114



An optically improved continuous flow ultra-fast mixing instrument for the study of
transient intermediates

spectrometer is linear up to an absorbance valws tdast 3.5 AU and superior to
most commercial UV-Vis spectrometers that are lingato an absorbance of 1-1.5
AU.

Silver sheet

CCD chip

. -
A

512

—
Fluid exit

18.5mm

Cuvettebody Planoconvex Lens Biconvex Lens Monochromator Xe arclamp
with rectangular flow-cell

Figure 1. Schematic drawing of the lenses, the rectangulasette holder and the CCD chip.
Monochromatic light is collimated by a bi-convexllzoating lens (150 mm focal length, 50 mm
diameter) and focused on the rectangular flowdggla plano-convex lens (100 mm focal length, 25 x
50 mm). The two halves of the plexiglass cuvettdybare separated by two parallel sheets of silver
(109 pm thickness, 11.515 mm height). The two shegsilver are held in position by six horizontal
screws (not shown in the drawing) that press tagethe two plexiglass halves that make up the
cuvette body. The rectangular CCD chip measurespbdEs x 2048 pixels (height x length, each pixel
being 13.5 um x 13.5 um). The image of the rectmgruvette recorded by the CCD camera in the
‘Image Mode’ is shown in the figure.

The spectra of ferrocytochrontewere arbitrarily zeroed at 650 nm; between ~580
and 650 nm the absorbance should be flat and t¢togero, however, the spectra
slightly deviate from zero (see al¥Chapter 4, Fig. 10a) proportional to the
concentration of ferrocytochrome yielding a curved negative absorbance profile.
When low pass filters of 320 nm or 450 nm were usgiaced at the exit slit of the
monochromator, the absorbance between 580-650 mflatgnot shown) suggesting
that the negative absorbance is due to a secohigloer order diffraction effect of the
grating in the monochromator. Between 300 and 580the spectra were found
within experimental error to be the same to thosterhined in commercial
spectrophotometers, including the ratio of the Bbamd toa-band absorbance of 5-
5.3. The noise in each single spectrum, i.e. rexbiid a vertically binned single
pixel, equals £0.0003 AU under the specific comahsi of recording (single scan at 50
nm s, five cycles per data point, see alaterials and Methods).
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Figure 2. (a) Absorbance spectra of ferrocytochromet various concentrationsb)( The relation
between absorbance and concentration of ferrocgdondc at 415 nm and 550 nm. The straight lines
(b) are fits to the data points. The ratio of thepst® for A416 and A551 of these lines equals 5.0,
similar to the ratio of the extinction coefficientsr the Soret- andi-band maxima determined in
commercial UV-Vis spectrometers. Ferrocytochromeoncentrations were—(to — traces): 0.001,
0.002, 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.5ah® 2.0 mM, respectively. The spectra are theameer
of the spectra recorded in pixels 0-1900, alongwthele length of the rectangular flow-cell, and wer
put arbitrarily at zero at 650 nm.

3.2 Comparison between static absorbance spectra and spectra recorded during
fluid flow

For kinetic experiments the fluid in the rectangdlaw-cell moves at high speeds up
to 40-45 m & at the maximal volumetric flow rate of 20 mL rfinin spite of this
high flow rate, spectra of ferricytochromeecorded under static and flow conditions
appear virtually identicalFig. 3 bottom spectra). For ferrocytochroméhe intensity
of the a-band slightly decreases while that for the Soeatebslightly increases. The
reason for these small spectral changes remainkeardut it is not due to the
pressure in the system (maximum ~260 bar) sincetrspef cytochromec are
unaffected by pressures up to 6 kbar or 600 ¥1Pa
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Figure 3. Absorbance spectra of ferro- and ferricytochrameithout fluid flow (<) and with a fluid
flow rate () of 20 mL min’. Bottom spectra are ferricytochroraeThe spectra of ferrocytochrorse
are offset by 0.5 A for clarity.The spectra are #werage of the spectra recorded in pixels 0-1900,
along the whole length of the flow-cell.

3.3 Calculation of the dead-time

To determine the dead-time of the set up, the i@abietween ferrocytochroneand
sodiumferrihnexacyanide was studied a€hapter 4:

Cytochrome c?* + Fe!ll(CN)¢]®~ @ Cytochrome ¢3* + Fell(CN)¢]*~ (Eq. 1)
Spectra of cytochrome in reaction with 20 mM ferrihexacyanide recordedthe

time span from 3.8 us (the first data point) toy&after initiation of the reaction are
shown inFigs. 4 and>.
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Figure 4. Spectra of cytochrome (0.5 mM) in reaction with 20 mM ferrihexacyanidecorded in the
time span from 3.8 ps to 70 us after initiatiorthtaf reaction. The spectrum with the largest amgditu
at 415 and 550 nm represents the t = 0 sample, recorded separdiatyfigure shows 190 spectra,
i.e. the time resolution of the spectra is 350 ns.
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Figure 5. Selection of spectra of cytochrom€0.5 mM) in reaction with 20 mM ferrihexacyanide) (
and comparison to the spectra of fers) @nd ferrocytochrome (—) that both served as reference
spectra to calculate the amount of conversion lmppment analysis.

The kinetic analysed-{(gs. 6 and7) were performed exactly as describeimapter

4. Two-component analysis employed the spectra rof fand ferrocytochrome as
basis spectrag. 5). Separate analyses were made for the Soret apesgion (352-
450 nm,Fig. 6a) and for then-band (500-600 nntig. 6b); these latter analyses were
combined to calculate the ionic strength (0.1 Myected second order rate constant
(Fig. 7) yieldingk = 0.986 + 0.028 10M™s™. The value determined here is in very
good agreement with that determinedinapter 4 (k = 0.96 + 0.03 10M™*s™). Also
the dead-time of 3.8 £ 0.3 us indicated by the sirmgof the simulated traces where
the fraction of the reactant, ferrocytochromeequals 1.0Kig. 6) is the same as
determined inChapter 4. This is expected because the dead volume of ilkerm
channels and thBt inlay are the same (1.2 and 1.3 nL) as well asettperimental
fluid flow rate of 20 mL mift.
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Figure 6. Kinetic traces of the reaction between ferrocitome ¢ (0.48 mM) and various
concentrations of sodium ferrihnexacyanide at 27.5&€orded with the improved continuous-flow
setup. The graphs show the data after Two-compamalysis as the fraction of ferrocytochromes
time and after calculating the logarithm of thiadtion (inset) for ) the Soret region 352-450 nm and
(b) the a-band region 500-600 nm. The buffer was 50 mM sitms phosphate (pH 7, lonic strength
is 0.1 M). Final ferrihexacyanide concentrationgevdd mM (), 2 mM (), 5 mM (=), 10 mM ), 20
mM (-), 50 mM () and 100 mM {). The lines through the data poinkg are second-order fits (1 and
2 mM ferrihexacyanide) and first-order exponentidlke fits all cross in a single point (xz 1 pixel o
318 ns) where the fraction of reduced cytochraneguals 1. Kinetic traces (dotted) are shown from a
time of 3.8 ps (the determined dead-time). Frora time onwards, the experimental data follow the
fits.
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Figure 7. Observed ratek{ysserey @S @ function of the ferrinexacyanide concerdratiA) are from
analysis of the Soret band) (of thea-band. @) are the observed rate constants after correcfams
the ionic strength (seext andMaterials and M ethods) and the average of the analyses performed for
the Soret bandHg. 6) anda-band Fig. 7); (—) is a linear fit through the origin and the datangs
yielding a second-order rate constant of 0.98602810 M*s™.
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3.4. Therefolding of denatured cytochromec

Acid denatured cytochronmeat pH 2 refolds partially when the pH is rapidhaaged
to a final pH 4.5°'® Using Fluorescence spectroscopy to monitor chaimydrp59
or single wavelength UV-Vis absorbance spectrogaophe Soret region two kinetic
phasest =59 + 5 us and ~435 us) were observed in thefévg milliseconds of the
refolding reactiof®!® Althoug the rapid phase € 59 ps) is close to the instrumental
dead-time (50 ps), Roder et al. concluded fromagxtiation of the kinetic traces to
time zero, that this phase was not preceded byadrere(UV-Vis or Fluorescence
observable) folding event.

30x10”
0.5 - 25 —
§ 0.4 - g 20 —
=
8 034 g 15 -
2
2 02 E L
0.1 ®]
04
0.0 -
| | | | | | | L DL DL DL |
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Figure 8. Spectral components obtained after SVD analysigolded - time zero, pH 2-), I, (—), I,

(—), I3 () and Folded — native, pH &). The spectral regionga) 350 — 650 nm anddj 480-650 nm.
The appearance of bands in the ‘so called’ Q regto#95 nm; and 530 nm and 560 nm are indicative
for the formation of high spin (HS) and low spinS{Lspecies, respectivély The 500-580 nm region
in 15 is indicative for the presence of bis-His coordima (His18/His26 (or His33), (Fig. 83f). The
appearance and disappearance of the band at 629 econsidered to result from the formation of HS

and LS ferric heme during the reaction, respedtii@kee alsoTable 1). The spectrawere put
arbitrarily at zero at 650 nm.

The new instrument was used to study the refol#ingtics of denatured cytochrome
c by the same pH-jump technique as described by Rodee experiment was
performed at 20 mL mihfluid flow rate providing a total reaction windovf .65 ms
(Figs. 8 and9). Singular value decomposition (SVD) analysished spectra obtained
during the reaction yielded four significant spatttomponents. Three rate constants
and four spectra were calculated according toaheviing model: U(Unfolded}- |;

— |, — I3. Herein § is the final, partially folded, intermediate at @tb. After a very
rapid initial phaset(= 4.7us) not observed before, partial refoldingcpeds with life
times of 83 ps and 345 ps relatively close to thdies quoted in réf. The
uncertainty in these values was estimated as follows: the root meararsgarror
(RMSE) values between the reconstructed and theel@ddime traces for each of the
four traces (cfFig. 9) were added to a single sum RMSE value. Then hheetk-
values in the model were modified by a certain @etage and the sum RMSE value
was calculated between model and modified modeleSpondence between this and
the previous sum RMSE value determined a generaeptage uncertainty in the k
values and therefore approximately so in thealues. The found uncertainty was
circa £20%. The Soret maxima of the three calcdlaeectral intermediates (Il
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and k) progressively shift to the red during the reatfimm 395 nm to 408 nm fog |
(Table 1). In addition, appearance and disappearance oélserbance at 620 nm
indicates a change from HS to LS of the heme inarng the reaction, respectively
(Fig. 8, Table 1). The calculated spectrum of differs from the fully folded native
cytochromec (Fig. 8, Table 1) indicating that the protein does not fold to tiaive
state on this time scal@ble 1,'32°%.

1.0
0.8
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0.4

Degree of conversion

0.2

0.0

| | | |
0 100 200 300 400
Time (us)
Figure 9.Kinetic traces of acid denatured cytochromim a pH-jump experiment obtained after SVD
analysis. Unfolded - time zero, pH2)( I.(—), I, (—) and k (—).

Table 1. Kinetic and structural properties of native cytamhec and folding intermediates

Soret Formation
State Heme Fe-ligation maximum Q region Band at time
(Spin state) (my° (nm 620 nnt constant,
T (us)
% W and/or W-W (HS) 395 495 No intensity
H18-M80, H18-H26/33 (LS) | (HS) (HS) (LS)
397 620
I, H18-W (HS, LS) (HS, LS) HS) 4.7
400 No intensit
I H18-W (HS, LS) HS, LS) (LS) Y| 83
. | H18-m80(LS) 408 530 and 560 | 620
I3 H18-H26/33 (LS) (LS) (LS) (HS) 345
W, W-W (HS)
Native | H18-M80 (LS) ?Llso) ?Eso)a”d 560 Z'_Os;mens'ty

abAssignments of heme ligation based‘dni respectively). W is water as ligah®. = predominantly
low spin, HS = predominantly high spin; LS, HS miture of low and high spin.

4. Discussion and conclusions

A rectangular flow cell was designed to reduce atradiable light scattering effects,
which occur in the cylindrical flow cell describe@dChapter 4. The microchannel of
the flow cell is constructed from two parallel stseef silver Fig. 1). Both light loss
and stray light are greatly reduced in the rectargonicrocuvette compared to the
cylindrical cuvette Fig. 2). As a consequence, the absorbance is linear with
concentration up to at least 3.5 AU. In contrasthi® cylindrical cuvette, where the
extinction coefficient is approximately halve@hapter 4) the extinction coefficient
determined for regular (e.g. 1 cm path length)aegular cuvettes applies using a
path length of 109 um, the thickness of the siblezets. In addition, the spectra can
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be referenced against buffer; using a calibrated B&ution with the same density as
that of the protein or buffer as reference produtedsame spectra. The reduction in
loss of light made it possible to average each gdaiat five times and was the main
determinant decreasing the noise level from + 08810 + 0.0003AA. The dead-
time of the improved setup remained the same (3@3tus) because the dead
volumes of the mixer ant seal were the same as describeGhiapter 4.

The refolding kinetics of acid denatured cytochranveas studied using the pH-jump
technique. Using SVD analysis three time constantsfour spectra were calculated
that represent the main components formed in tisé .65 ms of the reaction. The
reaction was previously assumed to consist of tweversible steps as indicated
above but actually three intermediates were foéndery rapid initial phaset(= 4.7
Ks) not observed before significantly improved dnalysis. The calculated life times
(83 and 345 us) are similar (59 and 435 ps, resedet to those found by the group
of Rodef®. The process with a life time of 4.7 ps has nanbebserved previously
and significantly improved the analysis.

N\ \\
\\ d L

Figure 10. Structure of (native) cytochroneearound the hemes] Orange sphere Ee (—) The two
a-helical stretches (Res61-69 and Res71-74) suringriie heme. Trp59 and lle75 are located at the
beginning of the first and at the end of the secarttklical stretch, respectively. | Sulphur from
Cys14 and Cys17 covalently linked to the porphyiitg; sulphur from Met80 (not bonded to®Be
The Fe-His18 bond and coordinating water are notvsh Drawing made with Swiss-PdbViewer from
PDB 1HRC.

123



Chapter 5

At the initial pH 2, the heme Eeis high spin with one or more weakly coordinating
ligand$®. Resonance Raman spectroscopic analysis inditizedt pH 2 a mixture of
different components is presentaple 1 in refs?*%). Progressive unfolding by
lowering the pH leads to protonation of His18 amskdciation from the heme iron,
which is then coordinated by one or two water lggnThe high spin form at pH 2
exhibits a Soret maximum at 395 nm and another lzab5 nm indicative of HS
heme iron, suggesting coordination with two wealdfligands according to ligand or
crystal field theory. Shifts in the Soret maximuengrally report both spin state and
polarity changes. Coordination of one strong-fislghnd and one weak-field ligand
produces a mixture of high- and low-spin configimas having a Soret maximum
between 396 nm and 400 finTherefore, 4 and b are both mixtures of high- and
low-spin configurations and becaugspectrum contains the 620 nm baiidifle 1).
The shift in Soret maximum from 395 to 400 nm @ L) suggests a decreased
polarity of the heme environment in. IIn the last intermediate,s, | F€* is
predominantly in the low spin state because thetSoaximum is above 400 nm and
Q bangf are found at 530 nm and 560 nm, suggestimglination by two strong-field
ligands™.

Work described it?% considers the His18 - Fe- so called W intermediate central
both to the formation of the native structure (HislFe* - Met80) and to the
misfolded state His18 - Ee- His26 (or His33) where after ~1-2 ms both thsisges
are formed?? The spectrum of;lin terms of its Soret maximum at 408 nm and its
intensity at ~530-560 nmF{g. 8 in®% is consistent with a mixture of native and
misfolded forms in the proportion givenTrable 1.

The recent NMR H/D exchange stddshowed rapid folding (in 0.6 M urea, pH 9.8)
of the twoa-helical segments that surround the heffig.(10). Although the time
resolution was 140 us, the results indicated solskielding of thex-helical segments
(61-69 and 71-74) with rates of the individual desis between 8-20 ps. Moreover,
solvent shielding for W59 and lle75 was even fastetimated <6.7 pgig. 5 in®).
We therefore propose that the 4.7 ps phase obséeredrepresents the very initial
event of helix formation () triggered by residues W59 and lle75. The fornmatba-
helical segments 61-69 and 71-74 and that of ther@ial a-helix (89-120, with
individual solvent shielding rates of 20-100 [sg( 5 in refl), might collectively be
represented by the 83 us phaske formation of these-helical segments is expected
to lead to loss of solvent water surrounding theéend thus to a lowered polarity,
consistent with the Soret maximum gfat 400 nm. Formation of the C-terminal
helix is important to bring Met80 into contact withe heme iron and to form the
native structure. Production of the misfolded HisI8e* - His26 (or His33) state is
probably due to the slow (1-2 ms) formation of Mwerminala-helix (Res3-13). The
formation of the native and misfolded low spin faris) takes 345usT(@ble 1). The
misfolded and native states are in rapid (~30 mga)lierium via the His18 - F& - W
staté®?! which subsequently can fold to the native state.

Our results show that following a pH jump from pHa2pH 4.5, His18 deprotonates
and ligates to the heme ¥eDeprotonation and bond formation can actuallyuocc
well within 4.7 us. The local structural changeugibt about by formation of the iron-
histidine bond affects the local structure of Tr®l lle75, detected as a very fast
protection against H/D excharlgevhich we propose is the first step (4.7 pus) i th
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formation of the twau-helical segments 61-69 and 71-74 around the hé&nge 10)

and in the formation of the C-terminal helix, cotigely detected as the 83 ps phase.
At this stage the heme ¥ds HS and ligated by His18 and a water residuemrthis
intermediate the native and the misfolded bis-Histes are formed, the latter
equilibrating to the native state as the N-termhelix progressively forms over time.
Under in vivo conditions the F& - His18 bond is likely formed immediately
following covalent linkage of the two Cys residdueshe heme, i.e. the state seen here
in the first few microseconds of the reaction. Fritrare on the protein folds into its
native conformation with the possible reversiblernfation of a misfolded
intermediate His18 - B&- His26 (or His33).

5. Materialsand methods

5.1 Instrumentation and construction of therectangular flow-cell

The improved ultrafast mixing device employs theegarts as the Continuous Flow
Ultra-Fast Mixing Instrument described @hapter 4 but instead of a cylindrical
cuvette it employs a 30 mm long rectangular cuvé@ + 5 um path length)
integrated in the cuvette holddfig. 1). The rectangular flow channel is constructed
from two parallel sheets of silver foil with a thieess of 109 um separated by 70 + 5
um. The silver foil acts as a seal to prevent lgekaf the pressurized fluid (up to
~400 bar) and also acts as an effective shieleééedoae stray light thus producing a
spectrophotometer that is linear up to at leasd®£orbance Units.

The cuvette-holder is physically connected to tteenkess-steel micro-mixer via a
disc-shaped seal of soft materialRif(50 um thick, with a central hole of 100 pum).
Light from a 75 W Xenon lamp was passed throughOgtical Building Blocks
monochromator with a 1,200 g finb00 nm blaze grating. A collimating and a
plano-convex lens were used to focus light on tle fchannel as described in
Chapter 4.

Alignment of the setup, spectral recordings, datussition, processing, analyses and
graphical presentation of data were performed enstéime way as in tHehapter 4.
Monochromator entrance and exit slits were setlatrim (0.4 nm) and 0.95 mm (3.8
nm), respectively. Spectra were recorded in crop @de of the CCD camera at a
rate of 50 nm S or 20 ms. The illumination time was 220 ps perl&ym each scan
of 20 ms five cycles were recorded and averagedthe total dark time was 18.9 ms,
the total illumination time 1.1ms. SVD analyses evperformed with home-written
programs in IgorPro by S. de Vriest and later ib\liaw by W.R. Hagen following
the guidelines iff.

5.2 Kinetic experiments

Continuous-flow kinetic measurements with the inwe setup were performed at a
total flow rate of 20 mL mi}, at 27.5C, in the spectral range from 350 nm to 600-
650 nm. A stock solution of 2.2 mM ferrocytochroméhe oxidized form reduced by
4.4 mM of ascorbic acid) was diluted to 0.96 mMstlatter solution was mixed with
different sodiumferrihexacyanide concentrations yvey from 1-102 mM. All
solutions contained 50 mM phosphate buffer (pH .718) separate experiments
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oxidized and reduced cytochromdg0.96 mM) were mixed versus buffer only. The
data from these latter experiments served as this bat for Two-component analysis.
Refolding experiments adcid denatured cytochrontewere performedct flow rates

of 20 mL min'. Ferricytochrome (0.5 mM) was dissolved in water and adjusted to
pH 2 with HCI. This solution was rapidly mixed wighbuffer of 50 mM phosphate,
50 mM acetate (pH 6.08) yielding a final pH afteiximy of 4.54 and a final
concentration of 0.25 mM cytochromeThe time zero spectrum used to calculate the
reaction progress was prepared by mixing two smhstiof 0.25 mM cyt at pH 2.
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Chapter 6

Conclusions and outlook

Understanding the chemical details of enzyme catalyreactions constitutes a main
focus of current research in the fields of biocrstmgi and biocatalysis. Such
fundamental knowledge is needed to more succegskthploy enzymes for
application purposes e.g. in drug discovery and icaédscience in general, and
providing ‘green catalytic’ alternative solutiors ¢urrent approaches in the chemical
industry that in many cases produce too much wastteo many side products.

Fundamental insight in the function of (bio)catédyequires knowledge of their three
dimensional structure and a wide range of time lvesb experiments aiming to
unravel each and every chemical step of the ovezalition. This thesis has focused
on the design, development and characterizatiarewf rapidly mixing micro-mixers
to perform time-resolved experiments. One such onigixer, a four-jet tangential
micro-mixer, has been fully characterized for ItsM and mixing properties and was
integrated in a new kinetic instrument that enablesitoring (bio)chemical reactions
by UV-Vis spectroscopy that can observe reactionshe microsecond timescale,
with a dead time of 3-4 microseconds. This is clms¢he timescale (~0.1-1 ps) for
the fastest formation of enzyme intermediates wiwngl bond-breaking and bond-
making reactions and for the folding of (small) teio domains.

It was realized approximately ninety years ago timatorder to study catalytic
mechanisms of enzymes and chemical reactions iaildéte reaction should be
initiated so rapidly that the subsequent formatiand decay of all reaction
intermediates can be detected. With this in mingidramixing equipment was
developed that replaced the then current pracficeixing reagents by hand. The first
instruments (between 1923-1930) were continuous-flaxing set ups in which the
reaction time increases along the observation t&dl;best instrument had dead-time
of ~2 ms. In the 1930’s and early 1940’s the stdgi@wv instrument was developed
(dead-time ~1 ms) and in the last twenty yeargunstnts with a miniaturized mixer
(dead-time ~0.5 ms). The consumption of reagentisarstopped-flow setup is greatly
reduced compared to that in continuous-flow ins&nts, which is the main reason
for the wide-spread use of the stopped-flow foeaesh purposes. However, the dead-
time of the stopped-flow instrument is limited bgwh fast the fluid flow can be
arrested and hence, the dead-time of ~0.5 ms iskebdt to be improved further.

With the advance of microsystem technology in tast ltwenty years it became
possible to construct micro-mixers with microflddi~ < 500 pm) channels. These
micro-mixers are mostly used in continuous-flow b4an-a-chip’ devices for
analytical purposes but can also be used in kinesttuments. The fastest present-
day continuous-flow mixing instruments with UV-Vigead out have mixing times of
~11 pus and ~45 ps and employ a T-mixer or co-aadll mixer, respectively. We
have previously designed a stainless-steel foulajggential micro-mixer that is used
in a microsecond freeze quench set up. The mixnogasties of this mixer are not
known, except that it mixes solutions faster th@nus.



Chapter 6

Four-jet tangential mixers

In order to build a kinetic instrument with micresad time resolution we first
determined the premixing and mixing properties bé tstainless-steel four-jet
tangential micro-mixer using optically transpargtdss-silicon micro-mixer chips of
similar geometry. Employing acid-base reactions imooed by a pH-sensitive
fluorescent dye the optical and stainless-steelemixshow very similar (unwanted)
premixing and mixing profiles in the vortex chamlbed after the mixing chamber in
a free-flowing jet, respectively. The amount ofrpineing varies from ~9% (for 25 pm
orifice chips) to a maximum of 15% (for chips of dén orifice) and is even lower
than 9% in the stainless-steel mixer (20 um orjfleecause the length of the vortex
chamber is shorter. The ABAB configuration of thixens in which the channels with
the same reagents (A or B) are opposed (rather shibmby-side as in the AABB
configuration) and offset by one-half to one charmi@meter creates a vortex of four
fluids that rotate around one another, which leamds decrease in the diffusion
distances and improves the mixing performance. Aesalt, (near) complete mixing
occurs aRe~ 1000 to 1500, which is well below the value 6#@ + 10 for the onset
of sustained turbulent flowing a pipe. For the rdtss-steel mixer, we calculated a
mixing time of only 160 ns (for a 20 um orifice)hieh is at least 50 times shorter
than estimated for other fast mixing devices.

Continuousflow ultra-fast mixing instrument

A continuous flow ultra-fast mixing instrument witmajor advances in time
resolution was built with a dead-time of 3.8 £ Q. 8which is 10-20 fold shorter than
any other continuous-flow mixing instrument in thveorld and represents an
improvement of at least factor of 300 in time resoh over commercially available
stopped-flow instruments.

The instrument employs a four-jet tangential sesgisteel micro-mixer that
completely mixes two liquids within 3.ps. This dead-time is solely determined by
the dead volume of the four channels with ~50 pm58 pm dimensions. These
channel dimensions are determined by the dimensibtie optical path length (~100
pum) to produce high quality — nearly free of stlight — UV-Vis spectra (S/N > 50)
even when using a highly sensitive CCD camera. Egattrum is recorded in a
volume of only 106 pL with 10-90 femtomol of enzyméhich with a path length of
~100 pum requires high concentrations of reagent8-(nM,. The latter remains a
general disadvantage of continuous-flow over stdgffmev methods. In a typical
experiment, ~1900 UV-Vis spectra are recorded insiagle scan of the
monochromator between 300-700 nm and separateaéniy only 318 ns for 600 us
at the highest flow rate of 20 mL minThe new instrument was successfully used to
study protein refolding of denatured horse heatbayomec. After a very rapid
initial phase £ = 4.7 us) not observed before, partial refoldimgcpeds with time
constants of 83 us and 345 ps. Using singular vdeemposition the complete
spectra of three folding intermediates were deteeghi
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Conclusions and outlook

Final remarks

Four-jet tangential micro-mixers with an ABAB cha&hrtonfiguration described in
this work are faster than any other mixing deviesign so far. The extension to 8 or
16 tangential fluid channels leads to more or es@mplete premixing in the vortex
chambet. This behavior is suitable for lab-on-a-chip apglions where a 1-ms time
resolution is adequate, but for the design of umatnts with (sub)microsecond time
resolution premixing should be prevented as mugboasible. The research described
in this thesis allowed us to formulate a set ofiglines in order to design fast mixing
micro-mixers. To minimize the amount of premixirtge height (or length) of the
vortex chamber should be as small as possible dacee the retention time for
diffusion across the fluid boundaries. On the othnd, the diameter of the vortex
chamber should be as large as possible with redpettte diameter of the mixing
chamber. This will maximize the ratio of tie values in the mixing chamber and
vortex chamber and, thus, minimize premixing resglfrom turbulence at the fluid
boundaries. In view of the quadratic relation betweressure and fluid flow rate, the
micro-mixers described here could be used at appairly 2-fold higher flow rates
before protein denaturation sets in, potentiallgrdasing the mixing time to less than
100 ns. Because the great majority of the glagsesilmicro-mixers that were used to
study the premixing and mixing behavior were fotmée stable at pressures up to 10
MPa, they themselves can be employed for largeespedduction of nanosecond
mixers.

The continuous flow ultra-fast mixing instrumentused for the study of transient
(bio)chemical reactions by optical spectroscopyhdligh an increase in temperature
relative to ambient cannot be avoided due to therggnrelease during turbulent
mixing, the micro-mixer plus cuvette holder could provided with a thermostat
expanding the applications of the current setug UK-Vis spectrometer can be used
either in front-face or 90° fluorescence mode bgcplg a transparent plexiglass
window within the black plexiglass body perpendaub the capillary flow cell. The
continuous flow ultra-fast mixing device descrikiadhis thesis fills the current gap
in instrumentation to study (bio)chemical reactionsthe microsecond time scale and
enables detailed kinetic analyses of the very ongeubstrate and ligand binding,
biocatalysis and protein folding.
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